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 Melanopsin-expressing retinal ganglion cells (mRGC) are intrinsically 

photosensitive and combine their melanopsin-based photoresponses with rod 

and cone signals to convey light information to a subset of retinal brain targets. 

mRGC axons to non-image forming (NIF) visual centers are essential for the 

proper functioning of processes like circadian photoentrainment and pupillary 

light reflex. Surprisingly, mRGCs also send axons to image-forming regions of 

the brain.  It is unknown how mRGCs mediate such diverse functions.  
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Classically, a cell’s morphology and location in a biological system is a 

direct reflection of its synaptic connections and, by definition, their function. 

mRGCs can be divided into five subtypes (M1-M5) based on morphology and 

dendritic stratification in the inner plexiform layer. In the classical sense, since 

M1s send axons to only a subset of mRGC-target regions and are the only 

subtype that monostratify in the OFF-sublamina, M1s likely serve a distinct 

function from other subtypes. However, M1s, like all mRGCs, exhibit an ON-

response. This reveals a hole in what we understand about intraretinal 

connectivity and attenuates the weight that should be afforded to stratification in 

determining function. While the other mRGC subtypes have distinct morphology 

and branching patterns, it is unknown whether they serve specific functions. 

Thus, in order to explore the structure-function relationship of mRGC subtypes, 

we must consider connectivity. Unfortunately, the variable expression of 

melanopsin protein between subtypes and across the architecture of a single 

mRGC and the lack of unique markers for up- and downstream interactors has 

precluded rigorous study of mRGC connectivity in the retina and central targets. 

We use a correlated light and electron microscopy label and serial 

blockface scanning electron microscopy to explore the architecture and 

synaptic partners of mRGCs in an attempt to better understand the connectivity 

of mRGC subtypes. We show significant differences in the ultrastructure of 

mRGC axonal terminals in mRGC-recipient brain regions, stratification-specific 

differences in mRGC dendrites, and catalog the intraretinal connections specific 

to mRGC subtypes.  



   

1 

Chapter 1 

General Introduction 

 

The brain is a world consisting of a number of unexplored continents 

and great stretches of unknown territory. 

 

 - Ramon y Cajal (1906) 

 
 
 
Light is important. Light allows us to see- to create a virtual representation 

of the physical world within our mind so that we can navigate our surroundings. 

Light also colors our life- alerting us to the dangers of various garishly colored 

organisms and inspiring our imaginations with the dazzling palettes of wildflowers 

and rainbows. However, beyond informing us about the surrounding 

environment, light also plays important roles in human behavior and physiology. 

The appreciation and fascination in what and how we see is reflected in the fact 

that vision is the most heavily and thoroughly studied sensory system.  

The retina lines the back of the eye and is a self-contained neural system 

made up of millions of interconnected cells that collect, translate, and parse all 

the light information from our physical surroundings into signals to the brain that 

allow us to see and estimate the time of day. The precise connectivity of these 

the cells in the retina with each other and with the regions of the brain that piece 

together that information is crucial to vision. In the past twenty years, a new type 



2 
 

 

of photosensitive cell in the eye has been discovered that is absolutely essential 

for non-image forming (NIF) visual processes such as the synchronization of an 

organism’s behavior and physiology to the time of day and constricting the pupil 

in response to bright light. These cells do not reside in the photoreceptor layer 

like the canonical light sensitive cells, the rods and cones, but instead are retinal 

ganglion cells in the ganglion cell layer that express the photopigment 

melanopsin. Axons from these melanopsin-expressing retinal ganglion cells 

(mRGCs) project specifically to regions of the brain that mediate NIF visual 

processes such as the suprachiasmatic nucleus, the intergeniculate leaflet, and 

the olivary pretectal nucleus (Berson, Dunn, and Takao 2002; Hattar et al. 2002). 

More recently, new subtypes of mRGCs have been shown to project to regions 

of the brain that are canonically known to be image-forming visual regions (Brown 

et al. 2010; Ecker et al. 2010). Without the benefit of decades upon decades of 

research, as has been dedicated to image-forming vision, the pre-synaptic and 

post-synaptic partners involved in mRGC circuitry in the eye and brain are largely 

unknown.  

In this thesis dissertation, I present two bodies of work that elucidate the 

interactions between mRGCs and downstream cells in target brain regions and 

upstream cells in the retina. To better understand the context of this thesis work, 

I have provided some background information about retinal circuitry and what is 

known about mRGCs and mRGC circuitry.  

 

1.1     Retinal circuitry  



3 
 

 

The mammalian retina lines the back half of the eye and is made up of five 

main cell types: photoreceptor cells, bipolar cells, horizontal cells, amacrine cells, 

and retinal ganglion cells. These cells are organized (starting from closest to the 

center of the eye) into three nuclear layers: the ganglion cell layer (GCL), which 

contains the cell bodies of retinal ganglion cells, inner nuclear layer (INL), which 

contains the cell bodies of amacrine, bipolar, and horizontal cells, and outer 

nuclear layer (ONL, or photoreceptor layer), which contains the cell bodies of the 

photoreceptor cells. These nuclear layers are separated from one another by 

layers of cell processes called the inner plexiform layer (IPL), which separates 

GCL from INL and contains dendritic processes of retinal ganglion cells, axonal 

processes of bipolar cells, and dendritic processes of amacrine cells, and the 

outer plexiform layer (OPL), which separates INL from ONL and contains the 

axon terminals of photoreceptors, dendrites of bipolar cells, and all horizontal cell 

processes (Figure 1.1).  

When light enters the eye through the pupil and is incident upon the retina, 

photons must pass through the entire thickness of the retina to be absorbed by 

the 11-cis-retinal bound to light-sensitive rhodopsin and cone opsin on rod and 

cone photoreceptors, the canonical light sensitive cells in the retina. The 

absorption of photons by the 11-cis-retinal photoisomerizes the 11-cis-retinal to 

all-trans-retinal which activates G-proteins in the rods and cones that ultimately 

lead to hyperpolarization. When light stimulation is removed, the rods and cones 

will then depolarize leading to the release of glutamate. The hyperpolarization 

and depolarization in rods and cones leads to decreases and increases in 
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glutamate release, respectively, around a baseline level from the photoreceptor 

terminals, rod spherules and cone pedicles, onto horizontal and bipolar cell 

processes in the outer nuclear layer (Ayoub and Copenhagen 1991). In addition 

to chemical synapses at their terminals, gap junctions have been shown to link 

rod and cone photoreceptors in the OPL (Kolb 1977). 

Horizontal cells have cell bodies in the inner nuclear layer and processes 

that stratify in the OPL where they integrate rod and cone signals across large 

swaths of retina to signal luminance. There are two main types of horizontal cell: 

A-type, which are axonless, and B-type which have axons. In mammals, the 

dendrites of both A- and B-type contact cone pedicles and only the axons of B-

type horizontal cells contact rod spherules (Bloomfield and Miller 1982). Both 

types hyperpolarize in response to light stimuli and are known to feed back to 

photoreceptor terminals in such a way that increases neurotransmitter release 

from cones. Horizontal cells are also known to make gap junctions with other 

horizontal cell processes within the IPL (Mills and Massey 1994) and to feed 

forward to bipolar cells (Kolb and Jones 1984). 

Bipolar cells, like horizontal cells, have cell bodies that are found in the 

distal inner nuclear layer (INL). In response to glutamate release from 

photoreceptor terminals onto bipolar cell dendrites in the OPL, bipolar cells will 

react by hyperpolarizing or depolarizing (Werblin and Dowling 1969). Due to the 

expression of metabotropic glutamate receptors (Nakajima et al. 1993; Nomura 

et al. 1994), ON-bipolar cells will hyperpolarize in response to glutamate release 

(signaling lights off) from rod and cone photoreceptors. The metabotropic 
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glutamate receptor is coupled to a G-protein which, when activated, leads to the 

closure of ion channels (Koike et al. 2010). When lights are present, the decrease 

in glutamate release from the photoreceptor terminals releases the inhibition on 

ON-bipolar cells, allowing them to depolarize. OFF-bipolar cells, which express 

ionotropic glutamate receptors, will depolarize in response to glutamate release 

from rods and cones in the absence of light. Depolarization causes the release 

of glutamate from bipolar cell terminals in the inner plexiform layer (IPL). 

ON- and OFF-bipolar cell axons ramify in very specific layers in the IPL 

where they synapse with retinal ganglion cell dendrites. OFF-bipolar cells have 

axons that stratify in the outer half of the IPL (sublamina a or OFF-sublamina) 

where they interact with OFF-retinal ganglion cells, and ON-bipolar cell axons 

stratify in the inner half of the IPL (sublamina b or ON-sublamina) where they 

interact with ON-retinal ganglion cells (Famiglietti and Kolb 1976). The specific 

input from rod or cone photoreceptor and the strata in which they stratify has 

been used to separate the bipolar cells in mice into nine cone bipolar cell types 

(four OFF-cone bipolar cells and five ON-cone bipolar cells) and one type of rod 

bipolar cell which stratifies in the ON-sublamina  (Ghosh et al. 2004).  

Of all bipolar cell types, the rod bipolar cell type is the most easily 

recognizable because of its characteristic dendritic interaction with rod spherules 

and its axonal arborization deep into the ON-sublamina of the IPL ending in a 

bulbous terminal in the layer closest to the ganglion cell layer. Though rod bipolar 

cell terminals are very close to retinal ganglion cells (RGC), they do not contact 

RGCs directly, instead synapsing on AII amacrine cells which transfer rod bipolar 
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cell signals to retinal ganglion cells via chemical synapses with OFF-bipolar cells 

or gap junctions to ON-bipolar cell axons (Kolb and Famiglietti 1974).  Two other 

ways that rod signals reach the RGCs is via gap junctions between rod and cone 

photoreceptors whereby rod signals get passed to cone photoreceptors and thus 

to cone bipolar cells (Raviola and Gilula 1973) and via direct dendritic contact 

between OFF-cone bipolar cells and rods (Li, Chen, and DeVries 2010). 

Amacrine cells are a heterogeneous type of cell with cell bodies in the 

proximal half of the INL and dendrites that stratify in the IPL (Kolb, Nelson, and 

Mariani 1981). The over 30 types of amacrine cells in the mouse retina make up 

~40% of the neurons in the INL and ~59% of neurons in the GCL (Jeon, Strettoi, 

and Masland 1998) and differ from each other in size, ramification within the IPL, 

branching pattern, and neurotransmitter patterns (MacNeil and Masland 1998; 

Masland 2012). Amacrine cells synapse with bipolar cell axons and RGC 

dendrites in the IPL and integrate, modulate, and add a temporal aspect to the 

light information being presented to RGCs. Most amacrine cells are inhibitory- 

containing the neurotransmitters GABA or glycine (Menger, Pow, and Wassle 

1998; Balasubramanian and Gan 2014)- and GABAergic amacrine cells often 

make reciprocal synapses with bipolar cells (Pourcho and Goebel 1983).  

Finally, after being detected by photoreceptors, integrated by horizontal 

cells, passed to bipolar cells, and modulated by amacrine cells, light information 

finally reaches the RGCs. RGC axons are the only way that light information can 

reach the brain. RGCs have somas in the GCL (~41% of all cell bodies in the 

GCL, the remainder being displaced amacrine cells), dendrites that stratify in the 
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IPL, and axons that course along the innermost edge of the retina toward the 

optic disc where they come together to form the optic nerve. There are upwards 

of ~22 different ganglion cell types in the mouse retina that are identified based 

on soma size, soma shape, dendritic field diameter, dendritic morphology, 

dendritic branching pattern, and stratification levels within the IPL (Volgyi, 

Chheda, and Bloomfield 2009). Physiologically, some ganglion cells respond 

maximally to the presence or absence of light or movement in general or in a 

specific direction; others respond to particularly oriented images/edges (Kong et 

al. 2005). Ultimately, ganglion cells are a heterogeneous population of cells that 

receive input from bipolar and amacrine cells in the IPL and convey processed 

light information to image-forming regions of the brain via action potentials down 

axonal projections to the lateral geniculate nucleus (LGN) and superior colliculus 

(SC) where they signal through the release of glutamate. 90% of all RGC axons 

leaving the eye end up at the LGN with the remainder projecting to the SC or 

making up the retinohypothalamic tract which terminates in the pretectum (to 

control pupillary light reflex), the suprachiasmatic nucleus (to synchronize activity 

cycles to environmental lighting conditions), and other regions like the 

ventrolateral preoptic nucleus (to regulate sleep) (Schmidt, Chen, and Hattar 

2011). 

 

1.2     Current state of knowledge regarding mRGC circuitry 

1.2.1 mRGCs are essential for non-image forming visual processes 
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 As the above text has briefly introduced, the circuitry involved in image-

forming vision is largely understood. However, much less is known about the 

retinal circuitry that forms the basis of the retinohypothalamic tract and informs 

non-image forming (NIF) visual processes such as the synchronization of sleep 

and activity rhythms to environmental lighting conditions (circadian 

photoentrainment), the constriction of pupils in response to light stimulation 

(pupillary light reflex, PLR), the acute modulation of activity by light (negative 

masking), and sleep regulation. Considering that these NIF visual functions are 

mediated by axonal projections from the retina, it may come as a surprise that 

these NIF visual processes persist despite the loss of rod and cone 

photoreceptors (Foster et al. 1991; Freedman 1999; Keeler 1927).  

The suprachiasmatic nucleus (SCN) is necessary for circadian behavior 

and physiology such as daily patterns in water drinking and activity, changes in 

serum corticosterone, and fertility  (Stephan and Zucker 1972; Moore and Eichler 

1972; Wiegand and Terasawa 1982) and is the seat of the master pacemaker of 

body-wide circadian rhythms (Lehman et al. 1987; Ralph et al. 1990). 

Experiments using engineered pseudorabies virus to anterogradely label RGC 

projections in mutant mice without rods and cones (rd/rd) showed that the RGCs 

in mice projected to regions of the brain that were known to be essential for 

circadian rhythms and other NIF visual processes: SCN, intergeniculate leaflet, 

ventral lateral geniculate nucleus, and the pretectum (which includes the olivary 

pretectal nucleus) (Provencio, Cooper, and Foster 1998). To identify the cells that 

were sending axons specifically to the SCN, fluorescent microspheres were 
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injected into the SCN of wildtype rats. The retrograde transport of these 

microspheres identified a small subset of sparsely but evenly distributed retinal 

ganglion cells that were intrinsically photosensitive- responding maximally to 

~480 nm light with large persistent depolarizations to light- and had relatively 

large soma sizes, and dendrites that largely stratified in the outer sublamina of 

the inner plexiform layer (Berson, Dunn, and Takao 2002). The distribution 

pattern and maximal sensitivity of these intrinsically photosensitive retinal 

ganglion cells was similar to that of melanopsin (Opn4), a novel opsin identified 

in Xenopus (Provencio et al. 2000) and the intrinsically photosensitive RGCs 

retrogradely labeled from the SCN were shown to be immunopositive for the 

expression of melanopsin protein (Hattar et al. 2002). These melanopsin-

expressing retinal ganglion cells were shown to send axonal projections to the 

SCN, intergeniculate leaflet (IGL) , and olivary pretectal nucleus (OPN)- NIF 

visual centers (Hattar et al. 2002) 

Melanopsin is an opsin-class protein that is very similar in amino-acid 

sequence to invertebrate opsins (Provencio et al. 1998) as opposed to ciliary 

opsins, the class to which rod and cone opsins belong. Like rod and cone opsins, 

melanopsin is a G-protein coupled receptor that is expressed on the cell surface 

and uses the chromophore 11-cis-retinal. However, unlike rod and cone opsins, 

melanopsin can form a stable bond with all-trans-retinal and regenerate the 11-

cis form through photoisomerization (Panda et al. 2005). As previously 

mentioned, mice without rods and cones, but intact melanopsin-expressing 

retinal ganglion cells (mRGCs) have functional NIF visual processes- suggesting 
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that melanopsin is sufficient for driving NIF vision. However, melanopsin and rod 

and cone opsins must play a complementary role in informing NIF visual 

processes as transgenic mice that do not express melanopsin (Opn4-/-) have 

circadian photoentrainment, intrinsic circadian period lengths, and photic 

suppression of melatonin production, similar to wildtype animals and only some 

attenuation in phase shifting, negative masking and pupillary light reflex at high 

irradiance levels (Panda et al. 2002, 2003). As all non-image forming visual 

processes are lost in mice that lack rods, cones, and melanopsin (rd/rd; Opn4-/-) 

(Panda et al. 2003), rod, cone, and melanopsin signals must all be integrated at 

the circuit level within the retina. Studies involving the specific ablation of mRGCs 

in the adult retina reveal that despite the presence of rods and cones and having 

intact image-forming vision, adult mice with ablated mRGCs had complete loss 

of circadian photoentrainment, pupillary light reflex, and negative masking (Hatori 

et al. 2008; Güler et al. 2008). Thus, mRGCs are absolutely essential for NIF 

visual processes.  

 

1.2.2 mRGC subtypes 

Studying the mRGC circuitry- by which light information reaches the NIF 

visual centers of the brain- is difficult. mRGCs make up only 2-5% of all RGCs 

and are thus sparsely distributed across the retina- requiring the careful 

acquisition and processing of large amounts of tissue to study. Also, not all 

mRGCs are created equal. The first mRGCs identified by incorporating a tau-lacZ 

reporter gene into the mouse melanopsin locus (Opn4tau-lacZ) and then staining 
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tissue with X-gal only described a seemingly uniform population of mRGCs (now 

known to be the M1 subtype) that had dendrites that stratified in the OFF-

sublamina of the IPL (Hattar et al. 2002). However, the use of highly sensitive 

antibodies to melanopsin revealed that mRGC dendrites stratify in the ON- 

sublamina as well (Provencio, Rollag, and Castrucci 2002) suggesting the 

presence of other subtypes of melanopsin-expressing retinal ganglion cell. 

Ultimately, by using transgenic mice that express Cre-recombinase driven 

by the melanopsin promoter (Hatori et al. 2008; Ecker et al. 2010), five 

morphologically-defined mRGC subtypes (M1 through M5) have been identified 

based on soma size and dendritic branching pattern, field diameter, and 

stratification in the inner plexiform layer (IPL). Of these five subtypes, only three, 

M1, M2, and M3, express enough melanopsin to be detectable via 

immunohistochemistry. Figure 1.2 summarizes the morphological differences 

between the subtypes, but briefly, M1 mRGCs have somas around 15 um in 

diameter, dendritic field sizes ~350 um in diameter, and dendrites that stratify in 

the OFF-sublamina in the IPL. M2 mRGCs have slightly larger somas, ~17 um, 

similar dendritic field sizes to M1 and stratify solely in the ON-sublamina of the 

IPL. M3 mRGCs stratify in both the OFF- and ON-sublamina and have soma and 

dendritic field diameters between those of M1 and M2. M4 and M5 both stratify 

solely in the ON-sublamina, like M2, but M4 somas are significantly larger, > 19 

um in diameter, and M5 somas are significantly smaller, <15 um in diameter, as 

compared to M2. Also, M4 dendrites have more branch points, total dendritic 

length, and thicker axons than M2 and M5 mRGCs have compact, highly 
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branched dendrites with a dendritic field diameter of ~200 um (Baver et al. 2008; 

Schmidt and Kofuji 2009; Estevez et al. 2012; Schmidt and Kofuji 2011; Ecker et 

al. 2010).  

 

1.2.3 mRGC intraretinal circuitry 

One of the underlying principles in retina circuitry is that an RGC’s 

dendritic stratification in the various strata of the IPL predicts its response to light 

stimulation. For example, an RGC that has dendrites in the distal IPL, or a-

sublamina, or OFF-sublamina, fires when lights are not present. Conversely, an 

RGC that has dendrites in the inner IPL (b-sublamina, or ON-sublamina) fires 

action potentials in the presence of light (Famiglietti and Kolb 1976). In a 

surprising break from these principles, all mRGCs, regardless of where their 

dendrites stratify exhibit on ON-response, depolarizing in response to the 

presence of light (Tu et al. 2005; Schmidt and Kofuji 2011; Estevez et al. 2012). 

How this ON-response is mediated in this OFF-stratifying RGC and in the 

bistratified M3 mRGC is largely unknown.  

While mRGCs are intrinsically photosensitive and can convey light 

information to NIF visual centers of the brain without the presence/function of 

rods and cones, rod and cones can contribute to NIF visual processes through 

mRGCs (Hatori et al. 2008; Hattar et al. 2003; Panda et al. 2002). In general, 

mRGC dendrites stratify in the IPL and receive input from bipolar cells and 

amacrine cells and send axons to many different regions of the brain. Specifically, 

M1 mRGC dendrites stratifying in the outer sublamina of the IPL have been 
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shown by immunohistochemistry to be postsynaptic to amacrine cell processes 

and ectopic ON bipolar cell processes (Dumitrescu et al. 2009) and by retrograde 

viral labeling to be postsynaptic to dopaminergic amacrine cells (Viney et al. 

2007). ON-stratifying mRGC processes have also been shown by EM to be 

postsynaptic to bipolar cells and amacrine cells in the inner IPL (Belenky et al. 

2003) and by retrograde labeling to be postsynaptic to monostratified amacrine 

cells and type 8 cone bipolar cells in the inner IPL (Viney et al. 2007). An 

immunohistochemical approach using light microscopy showed that molecular 

markers for rod bipolar cells were colocalized with markers for ribbon synapses 

directly adjacent to melanopsin-positive RGCs- suggesting that rod bipolar cells 

have direct contact with mRGCs (Østergaard, Hannibal, and Fahrenkrug 2007).  

Outside of the few immunolabeling and immunoEM studies, no further 

specification of the interactions between mRGCs and the 10 different mouse 

bipolar cell types and over 30 different amacrine cell types is known. Hindered by 

the lack of specific markers for subtypes of mRGCs, the fact that not all mRGCs 

can be immunolabeled with antibodies to melanopsin, and because there is a 

dearth of known unique molecular markers for different bipolar and amacrine cell 

types, there is a need for an unbiased approach for studying mRGC interactions 

in the retina.  

 

1.2.4 mRGC interactions in mRGC-recipient brain regions 

In terms of central projections, most mRGC axons project equally to both 

sides of the SCN and contralateral OPN and 20% of mRGC axons will project to 
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ipsilateral IGL (Gooley et al. 2003; Ecker et al. 2010). The use of Opn4Cre mice, 

a more sensitive transgenic mouse line, showed that in fact, mRGCs also project 

to dorsal and ventral lateral geniculate nucleus (dLGN, vLGN) and superior 

colliculus (Ecker et al. 2010). In the search for subtype-specific projections, there 

have been suggestions that 80% of SCN projections come from M1 mRGCs and 

that M1 and M2 mRGCs project to the OPN approximately equally (Baver et al. 

2008). A comparison between M1 and non-M1 mRGC central projections 

suggested that both M1 and non-M1 mRGCs project to the SCN and IGL and that 

non-M1 mRGCs send the vast majority of projections to the dLGN, vLGN, OPN 

core, posterior pretectal nucleus, and superior colliculus (Ecker et al. 2010). In 

fact, M4 mRGCs were preferentially labeled by injections of a retrograde label 

injected into the dLGN suggesting that M4 mRGCs may play a role in pattern 

vision (Estevez et al. 2012).  

As it seems that different subtypes of mRGCs preferentially send axons to 

different target brain regions and that mRGC subtypes are morphologically and 

physiologically different, one would expect to be able to observe differences in 

mRGC terminals across brain regions. mRGCs mediate both pupillary light reflex 

which occurs on the order of milliseconds to seconds and circadian 

photoentrainment which requires hours of light stimulation to cause an effect. 

How one genetically-defined cell type mediates effects that vary so greatly in 

timescale is unknown. Short of the fact that mRGCs have been traced to different 

brain regions, very few details regarding differences in mRGC axon terminal 

across brain regions are known.  
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Figure 1.1 Layers of the retina 

ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; 
IPL: inner plexiform layer, strata 1-5, OFF sublamina, ON sublamina; GCL: 
ganglion cell layer; C: cone photoreceptor; R: rod photoreceptor; B: bipolar cell; 
A: amacrine cell; H: horizontal cell; G: ganglion cell; dA: displaced amacrine cell. 
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Figure 1.2 Morphology of mRGC subtypes 

Top row: En face schematic of different mRGC subtypes. Second row: Schematic 
of cross-sectional view showing typical dendritic stratification pattern for each 
subtype. Bottom: comparisons between soma and dendritic field diameters 
between mRGC subtypes. 
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Chapter 2 

Ultrastructure of the mRGC Terminal 

 

2.1    Abstract 

Melanopsin-expressing retinal ganglion cells (mRGCs) are intrinsically 

photosensitive retinal ganglion cells that are absolutely essential for non-image 

forming (NIF) visual processes such as circadian photoentrainment and pupillary 

light reflex. mRGCs mediate these processes by sending long axons to the 

physically distinct regions of the brain such as the suprachiasmatic nucleus 

(SCN), olivary pretectal nucleus (OPN), and intergeniculate leaflet (IGL) that 

mediate these functions. Circadian photoentrainment, mediated by the SCN and 

modulated by the IGL, requires minutes to hours of light stimulation to effect a 

change and pupillary light reflex, mediated by the OPN, operates on the order of 

milliseconds. mRGCs have also been shown to send axonal projections to the 

lateral geniculate nucleus (LGN), an area of the brain known to be important for 

image forming vision. How mRGCs interact with cells in the different target 

regions to mediate these temporally distinct processes is unknown. Using a novel 

correlated light and electron microscopy label, mini-Singlet Oxygen Generator 

(miniSOG), and serial blockface scanning electron microscopy, we generated 

large volumes of SCN, OPN, IGL, and LGN with labeled mRGC axons. Through 

manual and automatic segmentation of these volumes we find differences in 

synaptic bouton size, density, and ultrastructure between mRGC axon terminals 

in the different mRGC-target regions.  
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2.2   Introduction 

Intrinsically photosensitive retinal ganglion cells (mRGCs) express the 

photopigment melanopsin (Opn4) and are essential for non-image forming visual 

processes. In response to light, mRGCs fire tonically through the entire duration 

of light exposure (Berson, Dunn, and Takao 2002; Zhao et al. 2014) and relay 

rod/cone-initiated light responses (Panda et al. 2002; Güler et al. 2008; Hatori et 

al. 2008) through long-range axonal projections to numerous anatomically distinct 

brain centers (Ecker et al. 2010). For example, in the mouse, light information 

travels ~10 mm through mRGC axons to the suprachiasmatic nucleus (SCN) to 

facilitate circadian photoentrainment and ~15 mm to reach the olivary pretectal 

nucleus (OPN) to mediate pupillary constriction in response to bright lights (also 

known as the pupillary light reflex (PLR)). The length of light exposure necessary 

to effect changes in photoentrainment is on the order of hours, whereas the length 

of light exposure to evoke PLR is on the order of milliseconds and seconds. How 

one genetically-defined cell type facilitates such temporally and spatially diverse 

functions remains unknown. 

M1 mRGCs are morphologically distinct, are the only mRGCs that 

monostratify in the OFF-sublamina of the IPL, and are known to send axon 

projections to the SCN, intergeniculate leaflet (IGL), ventral lateral geniculate 

nucleus (vLGN) and shell of the OPN (Hattar et al. 2002). However, non-M1 

mRGCs, in addition the M1 targets, will also send axons to the core of the OPN, 

the superior colliculus (SC) and the dorsal lateral geniculate nucleus (dLGN). 

Since all past studies have depended on a transgenic mouse line that happens 
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to only mark M1s (Hattar et al. 2002), transgenic mouse lines that mark all mRGC 

subtypes indiscriminately (Hatori et al. 2008), and potentially leaky or mistargeted 

retrograde labeling (Baver et al. 2008; Estevez et al. 2012) there is a need for an 

unbiased approach to investigating whether mRGC-subtypes send axons to 

specific central targets.  By understanding the structure of mRGCs, we can hope 

to understand connectivity and function. Resolving ultrastructural differences in 

mRGC interactions with mRGC-recipient brain regions would add heft to the idea 

of mRGC subtype-specific facilitation of NIF visual processes. However, the 

ability to visualize mRGC synaptic structure in mRGC-target brain regions have 

been hindered by the facts that 1) melanopsin is variably expressed between 

mRGC subtypes (Ecker et al. 2010), 2) melanopsin is not expressed beyond the 

optic disc (Hattar et al. 2002), 3) light microscopy and immunhistochemical 

approaches do not afford enough resolution to identify definitive synaptic 

structure. Ultimately, in order to explore the structure-function relationships of 

mRGCs in the brain, a new technique is needed that allows for labeling all mRGC 

processes in the retina and brain in a way that is amenable to directed electron 

microscopy studies.  

Mapping synaptic connections between neurons is essential to 

understanding the neuronal circuits that facilitate the flow and processing of 

information in the brain. However, the ability to resolve a complete circuit is 

hindered by the necessity to process large tissue volumes and by the resolution 

that can be achieved with available microscopy techniques. Serial block-face 

scanning electron microscopy provides the ultrastructural resolution necessary to 
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visualize and assess single synapses and the ability to automate the collection 

of serial sections of large volumes of tissue (Denk and Horstmann 2004) but is 

currently limited by the inability to genetically label specific cell types for use with 

EM and by the time needed to annotate the large amount of data generated. To 

investigate the potential differences that facilitate the differential timing of mRGC-

mediated functions we expressed a correlated light and electron microscopy label 

in mRGCs in the mouse retina and optimized an EM pipeline to label and resolve 

mRGCs and their processes in the retina and mRGC-recipient brain regions with 

serial blockface scanning electron microscopy (SBEM). Furthermore, we 

streamlined image processing and analysis pipelines to quantify the structure of 

mRGC synapses in central target regions in search of differences in quantity, 

ultrastructure, and complexity of mRGC synaptic boutons in the major mRGC 

target brain regions.   

While many super resolution light microscopy techniques are pushing the 

limits of light microscopy resolution to the order of tens of nanometers (Huang, 

Bates, and Zhuang 2009), these techniques require structures to be labeled by 

fluorescent probes- meaning that without melanopsin expression in the brain, one 

would be unable to label mRGC terminals. Also, while it would be feasible to use 

viral techniques to express fluorescent protein in the mRGCs from the retina, 

these techniques do not allow for the visualization of non-labeled structures. 

Since we do not know the unique molecular signatures of the downstream cells 

in the various brain regions, we would be unable to explore those connections in 

an unbiased manner. Unfortunately, most electron microscopy techniques are 
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also not amenable to our goals either.  The inability to stain for melanopsin and 

the fact that mRGC axons make up less than 4% of retinal axons leaving the eye 

makes the probability of chancing upon mRGC axon terminals in electron 

microscopy (EM) images of the mRGC-recipient brain regions very low and being 

able to recognize them as mRGC axon terminals very unlikely.  Past studies of 

mRGCs using electron microscopy have focused on mRGC connections in the 

retina, where the melanopsin-expression allows for immuno-EM. To date, there 

are no studies exploring the ultrastructure of mRGC axon terminals in the brain.  

Correlated light and electron microscopy (CLEM) is a technique where the 

same specimen can be imaged with both light and electron microscopy. Light 

microscopy would allow for the antibody-labeling of the specimen as well as the 

localization of sparse signals prior to sinking the time into processing and imaging 

specimens with electron microcopy and electron microscopy would allow for the 

exploration of ultrastructure and neighboring unlabeled interactors. This sort of 

multiscale multimodal approach is invaluable to nascent studies involving a 

morphologically defined cell type and its unknown pre- and post-synaptic 

partners.  

One such CLEM label is mini-Singlet Oxygen Generator (miniSOG). 

MIniSOG is derived from a 106-amino acid green fluorescent flavoprotein derived 

from Arabidopsis phototropin2 which is particularly useful for CLEM purposes 

because it releases singlet oxygen when exposed to blue light (Shu et al. 2011). 

Its small size allows for miniSOG to be fused to many different proteins such that 

the proteins can still function. In processing specimens with miniSOG labels for 
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EM, illuminating the specimen with blue light in the presence of DAB causes the 

released singlet oxygens to very locally polymerize DAB into an electron-dense 

product that can be stained with osmium tetroxide for use in EM. Also, because 

singlet oxygen generation is dependent on light exposure and because all players 

involved are small molecules, thicker slices of tissue can be used since 

penetrance is less of an issue.  

To explore the ultrastructure of mRGC axons in different mRGC-recipient 

brain regions we used a vector-mediated approach to express miniSOG in all 

mRGCs in the mouse eye. By photooxidizing tissue specimens that were positive 

for miniSOG fluorescence to generate an electron-dense precipitate and 

processing this tissue for subsequent serial blockface scanning electron 

microscopy (SBEM), large volumes of mRGC-recipient brain regions with easily 

recognizable mRGC axonal processes were obtained. Consistent with the idea 

that different mRGC subtypes were sending axons to the five different mRGC-

recipient regions, we found significant differences in bouton volume, number of 

mitochondria, post-synaptic interactions, and axon caliber between mRGCs 

found in different brain regions.  

 

2.3    Materials and Methods 

Animals  

Male and female Opn4Cre/+ mice between 8 wks and 6 months were used.  

Vector construction  
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A farnesyl sequence was cloned into the 3’ end of the miniSOG construct 

and was inserted in an inverted orientation between the lox sites in an AAV2-DIO 

vector to create AAV2-DIO-miniSOG-f. AAV2-DIO-miniSOG-f and AAV2-DIO-

tdTomato-f was produced by the Salk Gene Transfer, Targeting and Therapeutics 

Viral Vector Core Facility at titers of 1.09 x 1011 TU/ml and 9.41x1011 TU/ml, 

respectively.  

Intravitreal injection  

To express miniSOG and tdTomato mRGCs, 3 ul of AAV2-EF1α-DIO-

miniSOGm and 0.3 ul of AAV2-EF1α-DIO-tdTomato was injected into each eye 

of Opn4Cre/+ mice between the ages of 8 weeks and 6 months old. Anesthesia is 

induced and maintained with isoflurane. 0.5% proparacaine (Bausch and Lomb) 

was applied to each eye prior to any surgical procedure to provide topical 

analgesia. The mouse was placed on the stage of a dissection microscope such 

that the left eye was completely visible in the viewfinder.  Curved forceps were 

used to place gentle pressure around the eye such that the globus of the eye 

raised slightly out of the orbit and the edge of the sclera was visible. A small 

incision was made with a 31-gauge insulin needle 0.5 mm posterior to the limbus 

of the eye (the region where the sclera meets the cornea). Virus was loaded into 

a Hamilton microliter syringe with a 34-gauge beveled needle mounted on a 

micromanipulator. Using the micromanipulator, the needle was maneuvered 

through the incision made by the insulin needle until the tip of the needle was in 

the middle of eye. Virus was slowly injected over the course of 1 minute and 

allowed to diffuse through the vitreous for 3 minutes before the needle was slowly 
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withdrawn. The whole procedure was then repeated on the right side. After both 

eyes have been injected, GenTeal lubricant eye gel (Novartis) was applied to 

both eyes and the animal removed from isoflurane anesthesia and placed in a 

clean cage to recover. When righting reflex was restored after 1-2 minutes, the 

animal was returned to its home cage.  

Circadian wheel running  

The daily locomotor activity of mice intravitreally injected with AAV2-EF1α-

DIO-miniSOG-f and AAV2-EF1α-DIO-tdTomato, a different GFP expressing 

AAV2-DIO vector, and age matched uninjected mice was measured following 

methodology established in Siepka and Takahashi, 2005. Briefly, mice were 

individually housed in cages with ad libitum access to standard mouse chow and 

a running wheel connected to a counter that reported wheel rotations to a 

computer. All cages were kept within one ventilated and independently lit light 

tight box in the vivarium. During the light phase, which began at 6AM and ended 

at 6PM PST, the mice received ~150 lux white light from a fluorescent light 

source. Wheel running activity, as number of rotations, was continuously 

collected as 5 min bins and later analyzed by ClockLab software (Actimetrics, 

evanston, IL, USA). After 11 days on a strict 12:12 light dark cycle, the lighting 

conditions were changed to complete darkness for 7 days before resuming the 

original 12:12 light:dark conditions. All routine animal husbandry care that 

occurred during the dark phase was performed under dim red light illumination 

so as not to disrupt circadian light entrainment.  

Immunohistochemistry and confocal microscopy imaging  
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For immunofluorescence labeling, miniSOG and tdTomato traced 100 um 

thick brain and retina sections were blocked in 10% normal donkey serum (NDS, 

Jackson ImmunoResearch, West Grove, PA, USA) in PBS for 1 h at room 

temperature prior to incubation with the following antibodies: Rabbit polyclonal 

anti-MiniSOG antibody (1:500; Custom order from QED Biosciences, San Diego, 

CA, USA) and mouse monoclonal anti-Caspr antibody (1:1,000; Neuromab, 

Davis, CA, USA), in 10% NDS for 16 h at 4 °C. Fluorescence-conjugated 

secondary antibodies were applied at 1:100 dilution for 4 h at 4 °C and then 

washed with PBS. For myelin staining, the sections were stained with 

FluoroMyelin (Invitrogen, Carlsbad, CA, USA). Images were acquired with 

confocal microscopy (Olympus FluoView1000; Olympus, Tokyo, Japan). 

Tissue preparation for SBEM 

At least three weeks after intravitreal injection of AAV-miniSOG into 

Opn4Cre mice, the mice were anesthetized with ketamine/xylazine and 

transcardially perfused with Tyrode’s solution followed by 4% formaldehyde/ 

0.1% glutaraldehyde in 0.1M phosphate buffered saline (PBS). The retina and 

brain were dissected and post-fixed with 4% formaldehyde in 0.1 M PBS on ice 

for 2h and then brain was cut into 100-μm-thick slices. For mini singlet oxygen 

generator protein (miniSOG) photooxidation, tdTomato-expressing mRGCs and 

mRGC axons were identified using a Leica SPE II inverted confocal microscope 

and the retina and brain tissue were fixed with 2.5% glutaraldehyde, 2.5 mM 

CaCl2 in 0.15 M Sodium Cacodylate buffer (CB) pH 7.4, and the tissue was rinsed 

with ice cold CB, and blocked for 30 min with 50 mM glycine, 10 mM Potassium 
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cyanide and 5 mM aminotriazole in CB. Freshly prepared diaminobenzidine (DAB 

free base, Sigma) in CB was added to the tissue, and mRGCs and axons were 

illuminated with 450–490 nm light from a Xenon lamp for 20–25 min until a light 

brown reaction product was observed in place of the green fluorescence of 

miniSOG. The tissue was then processed for SBEM. 

SBEM staining and imaging  

Tissue was prepared for SBEM as previously described (Deerinck et al. 

2010). Briefly, tissue was washed with 0.15 M CB and then placed into 2% 

OsO4/1.5% potassium ferrocyanide in 0.15 M CB containing 2 mM CaCl2. The 

slices were left for 30 min on ice and then 30 min at room temperature (RT). After 

thorough washing in double distilled water, the slices were placed into 0.05% 

thiocarbohydrazide for 30 min. The slices were again washed and then stained 

with 2% aqueous OsO4 for 30 min. The slices were washed and then placed into 

2% aqueous uranyl acetate overnight at 4°C. The slices were washed with water 

at RT and then stained with en bloc lead aspartate for 30 min at 60°C. The slices 

were washed with water and then dehydrated on ice in 50%, 70%, 90%, 100%, 

100% ethanol solutions for 10 min at each step. The slices were then washed 

twice in dry acetone and then placed into 50:50 Durcupan ACM:acetone 

overnight. The slices were transferred to 100% Durcupan resin overnight. The 

slices were then flat embedded between glass slides coated with mould-release 

compound and left in an oven at 60°C for 72 h. SBEM data was collected with a 

3View unit (Gatan Inc., Pleasanton, CA, USA) installed on a Merlin field emission 

SEM (Carl Zeiss Microscopy, Jena, Germany). The retina and brain volumes 



33 
 

 

were collected in 2.0 to 2.4 kV accelerating voltages, with a raster size of 20k×20k 

or 24kx24k and pixel dwell time of 0.5 -1.5 μs. The pixel sizes were 4.0-7.3 nm, 

depending on the raster size and section thickness was 60-70 nm. Before each 

volume was collected, a low magnification (∼500×) image was collected of the 

block face to confirm the anatomical location of the volume based on tissue 

landmarks, such as the RGC, SCN, and the OPN. Once a volume was collected, 

the histograms for the slices throughout the volume stack were normalized to 

correct for drift in image intensity during acquisition. Digital micrograph files 

(.dm4) were normalized using Digital Micrograph and then converted to MRC 

format. The stacks were converted to eight bit, mosaics were stitched, and 

volumes were manually or semi automatedly traced for reconstruction and 

analysis. 

Electron microscope tomography  

Electron tomography specimens from the SCN and OPN were sectioned 

with a diamond knife at a thickness of 300 nm. Following glow discharge, 15-nm 

diameter colloidal gold particles were deposited on each side to serve as fiducial 

markers. Data were generated with an FEI Titan microscope operating at 300 kV; 

the micrographs were produced using a 4k × 4k Gatan CCD camera. For 

reconstruction, double tilt series of images were recorded between −60° and +60° 

at regular increments of 0.5°. Fine alignment of projections and 3D reconstruction 

were done using the transform-based tracking, bundle adjustment, and 

reconstruction package in conjunction with IMOD. 

Manual segmentation 
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3D reconstruction of SCN and OPN neurons. In order to maximize the 

amount of reconstructed neuronal processes from each neuron traced in the SCN 

and OPN, neurons were selected from the center of each image in IMOD 

(University of Colorado, Boulder). Each individual neuron of interest was traced 

as a separate object by drawing contours around the plasma membrane of each 

selected cell as it moved through each slice of the image. Individual contours 

were meshed with imodmesh to reveal three-dimensional reconstructions of the 

neurons of interest. In this way, cell bodies, axons, dendrites, and, in some cases, 

primary cilia, were identified and represented in the 3D model.  

Grid-Based Selection Scheme- All boutons were sampled from the 100 

intersection points of an 11X11 grid overlaid on the image stack. Panning down 

through the image stack, the first labeled bouton to intersect with the grid point, 

or the closest bouton to it, was sampled. Subsequently, these boutons were 

backtraced to the limit of the volume to yield a segment of axon and more 

boutons. This allowed for a comprehensive and unbiased sampling of the tissue. 

Synapse quantification. Putative synapses were identified manually by 

finding areas of the axon that were swelled to diameters at least twice as large 

as the average diameter of axons. A swelling was deemed a putative synapse if 

it fulfilled at least two of the following three criteria: presence of a post-synaptic 

density in the directly apposed membrane, presence of at least one mitochondria, 

or evidence of synaptic vesicles less than one vesicle diameter’s distance from 

the plasma membrane. In order to count the number of synaptic boutons, each 

image volume was parsed into a 10 x 10 grid and the miniSOG-labeled boutons 
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in every other square column was counted. The contours that make up each 

bouton were traced out and meshed with imodmesh to determine bouton volume, 

and the mitochondria and intrusions from the post-synaptic process into the 

bouton were counted.  

Axon volume. MiniSOG-labeled mRGC axonal processes were identified 

by the dark miniSOG label and the outlines of the cross section of miniSOG-

labeled axon was traced to make contours of the axon in each slice of the image 

volume. Each individual axon was assigned a unique object number that 

consisted of all axon contours. Contours were meshed with imodmesh to render 

three-dimensional reconstructions of each axon. The IMOD program imodinfo 

returned the volume of the object.  

Axon length. A new open contour object was made for each axon and 

individual consecutive points of a single open contour were placed in the center 

of miniSOG-labeled axon cross-sections starting from the first slice in a image 

volume until the last slice in an image volume. If an axon branched, a new open 

contour was made for that axon object and another set of consecutive points laid 

down for the branch. This was repeated until the entire axon was represented by 

an open contour skeleton line created from consecutive points. Imodinfo returned 

the length of all lines in the object.  

Automatic Segmentation 

Generation of Ground Truth Data. A 5,000 x 5,000 x 100 voxel sub-

volume of the full SBEM dataset was extracted to yield a set of ground truth 

images. All miniSOG-stained mRGC axons contained within this set were 
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manually segmented to provide ground truth labels, and the accuracy of these 

labels was verified independently by two experts. Following observation of the 

ground truth labels, three classes of mRGC axons were qualitatively identified 

within the SBEM volume based upon the strength and variation of voxel intensity 

levels across image planes. In the first class of Densely Stained (DS) axons, the 

staining was consistently dark throughout all cross-sectional planes of the axon, 

resulting in low voxel intensity values and low inter-plane variances. For the 

second class of Sparsely Stained (SS) axons, the staining was consistently light 

throughout the cross-sectional planes of the axon. The final class, Variably 

Stained (VS) axons, exhibited staining that was inconsistent, with some regions 

of dense staining and some regions of sparse staining. The 96 individual axon 

segments contained within the ground truth labels were automatically classified 

into one of these three groups via k-means clustering (k = 3) of the mean voxel 

intensity of the entire axon segment and the range of the mean voxel intensities 

for all cross-sectional planes. 

Cascaded Hierarchical Model Training. A 500 x 500 x 50 set of training 

images and labels for the DS axon class was generated via manual 

segmentation. The training images consisted of tiles interspersed throughout the 

breadth and depth of the full SBEM volume, and decisions on whether each 

cross-sectional axon profile encountered belonged to the DS class were made 

qualitatively. The same process was then repeated to yield an equally sized set 

of training images and labels for the SS axon class. Unique voxel classifiers were 

trained for the DS and SS classes using the cascaded hierarchical model (CHM) 
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with two stages and two levels (Seyedhosseini, Sajjadi, and Tasdizen 2013). All 

CHM processes were run on the SQUIRE web portal 

(http://cellsegmentation.org). 

Semi-automatic Axon Segmentation. Each trained voxel classifier was 

applied to the full SBEM stack to yield two sets of probability maps, one for DS 

axons and one for SS axons. All probability maps were segmented by evolving 

2D active contours from automatically seeded initial positions, as previously 

described (Perez et al. 2014). A number of post-processing steps were than 

performed to enhance segmentation accuracy. A final, combined segmentation 

stack was generated by taking the voxel-by-voxel logical disjunction of the DS 

and SS segmentation stacks and running a hole filling operation on the output. 

Three-dimensionally connected components were computed across the entire 

segmentation volume using the IMOD (Kremer, Mastronarde, and McIntosh 

1996) programs imodauto and imodsortsurf. The output connected components 

were then morphologically filtered using the PyImod set of Python modules for 

manipulating IMOD binary model files (https://github.com/alexjperez/pyimod). 

Two rounds of filtering were performed; first, components with any cross-

sectional area greater than 6 μm2 were removed to reduce the occurrence of 

common false positives such as non-labeled myelin sheaths and regions of 

charging within cell nuclei and blood vessels. Second, components that did not 

persist across the depth of the stack for greater than 2 μm were removed to 

reduce the prevalence of common false positives such as densely stained 

lysosomes. Surface renderings of the filtered results were produced using 

http://cellsegmentation.org/
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imodmesh, converted to the VRML format, and displayed in Amira (FEI 

Company, Hillsboro, OR). 

  Segmentation quality was assessed by comparison of the final results to 

the manually generated ground truth labels over the 5,000 x 5,000 x 100 voxel 

ground truth sub-volume. 

  The semi-automated segmentation workflow yielded an F-value of 

0.66537 over the region of ground truth tested. By comparison, the same 

workflow applied to only the results from the DS axon segmentation produced an 

F-value of 0.51479. Therefore, as expected, the process of training separate DS 

and SS axon models and combining their results via logical disjunction 

dramatically improved final segmentation quality. Seventy-eight percent of the 

axon segments within the ground truth volume that persisted for more than a few 

sections were at least partially annotated in the final segmentation. 

  

2.4    Results 

2.4.1 Vector-mediated expression of miniSOG in mRGCs 

To target the in vivo expression of miniSOG to mRGCs we genetically 

engineered an adeno-associated viral vector, AAV-EF1a-DIO-miniSOG-f, which 

expresses a c-terminus farnesyl-tagged miniSOG EM reporter in the presence of 

Cre-recombinase and intravitreally co-injected the AAV2.2 serotyped EF1-DIO-

miniSOG-f (1.01 x 1011 GC/ml by qPCR) and EF1-DIO-TdTomato-f (9.43 x 1011 

GC/ml by qPCR) vectors to both eyes of 6 week old Opn4Cre/+ mice (Figure 2.1) 

(as described in Hatori et al., 2008). Expression of reporters in the weeks 
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following vector transduction did not adversely affect the function of these cells 

as the mice maintained their circadian rhythm entrained to the ambient light dark 

cycle, appropriately consolidated their activity to the dark phase, and had 

circadian period lengths that were not significantly different from control injected 

and control age-matched non-injected mice in both 12:12 Light:Dark (LD) and 

12:12 Dark:Dark (DD) conditions (Figure 2.2). Furthermore, miniSOG was 

appropriately expressed in Cre-expressing cells as immunostaining of the retina 

with anti-miniSOG antibody was correlated with expression of Cre-dependent 

vector-mediated tdTomato in mRGCs in the retina and in brain regions known to 

receive mRGC inputs (Figure 2.1). Given that mRGCs are sparsely (accounting 

for less than 4% of all retinal ganglion cells, or <0.1% of all nuclei in the mouse 

retina) but evenly distributed throughout the retina, the number of mRGCs labeled 

in a given area of retina is representative of the overall density of mRGCs in the 

whole retina (Berson, Castrucci, and Provencio 2010). The number of mRGC 

somas labeled, as identified by light microscopy, was 174+25 mm-2 (average + 

s.d; n=6), which is equivalent to the estimated mRGC density in mouse retina.  

Hence the strategy comprehensively labels nearly all mRGCs in the Opn4Cre/+ 

retina.  

 

2.4.2 Photooxidation of miniSOG reveals label amenable to SBEM 

To resolve the ultrastructure of mRGCs and their processes in the retina 

and brain, tissue from the retina and mRGC target brain regions of AAV-EF1a-

DIO-miniSOG-f injected mice were processed for SBEM. SBEM imaging requires 
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intense staining of biological specimens with heavy metals to allow sufficient 

back-scatter electron signal and also to render specimens sufficiently conductive 

to control charging artifacts. These extreme heavy metal staining protocols make 

it much more difficult to track and identify regions of interest (ROIs) for SBEM 

imaging process. Because each volume of data requires significant investment 

of time and resources, the regions of interest (ROI) must be carefully selected. 

Fluorescent images of miniSOG-labeled tissues were taken prior processing for 

EM and used to guide ROI selection for SBEM. To process miniSOG-labeled 

tissues for SBEM, tissues that contained at least one ROI from the retina and 100 

um thick coronal sections through mRGC axon-recipient regions including the 

optic nerve (ON), suprachiasmatic nucleus (SCN), dorsal and ventral lateral 

geniculate nuclei (dLGN, vLGN), intergeniculate leaflet (IGL) and olivary pretectal 

nucleus (OPN) were photooxidized in the presence of diaminobenzadine (DAB) 

under blue light irradiation (450-490 nm) for ~20 minutes until a brown precipitate 

formed in the mRGC cell bodies and neurites. In response to blue light 

stimulation, miniSOG releases singlet oxygens which polymerize DAB. In the EM 

tissue processing-pipeline, polymerized DAB is then stained with osmium 

tetroxide to form electron-dense precipitates that are resolvable by EM (Figure 

2.3). 

Horizontal retina sections and optic nerve and brain tissue sections were 

imaged on a Zeiss Merlin scanning electron microscope (Carl Zeiss Microscopy, 

Jena, Germany) equipped with a Gatan 3View with a step size of 40 to 60 um. 

Large-scale montaged images of retina and axon-target regions were collected 
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and stitched together for reconstructing neural circuitry by SBEM imaging. The 

membrane-delimited miniSOG delineated the plasma membrane in the mRGC 

soma as compared to neighboring non-mRGCs. In relatively thinner mRGC 

neurites in retinal and brain tissue photooxidation often resulted in dense labeling 

of the membrane and diffusion of the DAB reaction product into the cytosolic 

space which filled the process with a grey precipitate and facilitated easy 

identification of the neurites. The interior portion of mitochondria and other 

membrane-delimited organelles in the neurites were not filled with DAB reaction 

product. This specific labeling of mRGC somas and processes in the retina and 

brain of Opn4Cre/+ mice for use with electron microscopy is the first time that 

miniSOG has been used as a correlated light and electron microscopy label in 

vivo to label a genetically-defined cell type.  

 

2.4.3 MiniSOG label fills mRGC soma and processes 

In the retina, photooxidation of miniSOG-laden mRGC somas and 

processes densely stained mRGCs with characteristic large cell bodies, wide 

dendritic fields, and beaded dendrites (Hattar et al. 2002). In total, we identified 

11 mRGC cell bodies from 4 total retina volumes that amount to 4,736,509.17 

um3 of SBEM data. Comparison of mRGC cell bodies with adjacent RGCs 

revealed several characteristic features of the mRGCs. As shown earlier in light 

microscopy, the mRGCs have large somas (15.31 um ± 3.62 um diameter, n=14).  

The larger somas were accompanied with relatively larger nuclei and elevated 

numbers of mitochondria in the soma (volume fraction; 16.7 ± 4.21 %, vs. 
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neighboring cells 12.45 ±  2.63 % n=12) (Figure 2.4). The increased mitochondrial 

volume in the mRGC soma was also accompanied by increased mitochondria in 

the dendrites. This periodic mitochondria-filled dendritic swellings correspond to 

the beads-on-a-string appearance of mRGCs dendrites (Hattar et al. 2002) and 

might correspond to the COX stained RGCs described earlier (Jen and Ghau 

1990). The dendrites of the mRGCs also arborized primarily in the on- or off- 

sublamina of the IPL allowing easy identification of mRGC subtypes. All mRGC 

subtypes (M1 through M5) were identified in the 4 total retina volumes 

(4,736,509.17 um3) processed.  

The intrinsic green fluorescence of miniSOG was clearly visible and evenly 

distributed in the cross section of the proximal optic nerve (ON) (Figure 2.5). 

MiniSOG-labeled mRGC axons were found to be encased within myelin staining. 

Co-staining for myelin showed almost all miniSOG-positive axons were 

myelinated, which was further verified in SBEM images of miniSOG-labeled optic 

nerve cross section. Conversely, there were many unmyelinated axons within the 

ON, none of which were labeled with miniSOG, thus suggesting that mRGC 

axons in the ON are primarily myelinated. mRGC axon thickness (as calculated 

by finding the diameter of a circle with the same enclosed area as the miniSOG 

labeled axons) within the ON varied between 113 nm and 1455 nm, with a median 

of 632 nm. The distribution of axon diameters reflects the bimodal distribution of 

mRGC soma diameters (Figure 2.4 top left vs. Figure 2.5 G) which correlates 

with the idea that axon caliber varies with soma size (Williams and Chalupa 1983) 
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and verifies that we were able to follow axons of the labeled mRGCs as they 

coursed towards central targets in the brain (Figure 2.5). 

miniSOG immunostaining as well as brown photooxidation products were 

detectable in the primary mRGC target regions of the SCN and OPN which 

mediate photoentrainment of the circadian rhythm and pupillary light reflex, 

respectively (Figure 2.3 middle and right). In the SCN, the VIP-expressing 

neurons, which are presumed to receive light input from the mRGCs, have their 

soma in the ventromedial SCN and extend their neurites throughout the SCN 

extending to the dorsal aspect of the SCN (Ibata et al. 1989; Tanaka et al. 1993). 

However, light induced c-FOS expression in the SCN is first throughout SCN, not 

just in the ventrolateral aspects (Colwell and Foster 1992). Light microscopy (LM) 

of genetically-labeled mRGC axons have shown mRGC axons cover most of the 

SCN with no specific preference for any subregion (Hattar et al. 2006). However, 

LM cannot be used to separate passing neurites from synaptic contacts which 

makes it difficult to ascribe where mRGCs make synaptic contacts within the 

SCN. SBEM image stacks of the dorsomedial SCN showed miniSOG-labeled 

axons dispersed throughout the image stack, corroborating LM results. Both 

automatic segmentation followed by manual inspection and manual 

segmentation were done to volume segment the mRGC axons. Our SBEM 

volumes of SCN and OPN revealed key features of region-specific mRGC axons 

and putative synapses that may underlie the diversity of timing observed in 

mRGC-mediated functions. 
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2.4.4 mRGC interactions in the OPN and SCN   

The dense miniSOG labeling of plasma-membrane and cytoplasm in the 

axonal processes of mRGCs within the SCN core and the lack of myelination in 

the SCN facilitated the automatic segmentation of mRGC axon segments in the 

SCN core region (Figure 2.6). The automatic segmentation algorithm 

recapitulated at least a portion of 78% of axon segments within a thoroughly 

manually segmented ground truth volume of SCN. Manual correction of 

automatically segmented SCN volumes and manual segmentation of all other 

volumes using the IMOD software (University of Colorado, Boulder) allowed for 

quantification of mRGC processes and ultrastructure in SBEM volumes of 

mRGC-recipient brain regions (OPN, IGL, vLGN, and dLGN). In total, we 

segmented 121 SCN neurons (23 of which were annotated for synapses to the 

full extent of volume boundaries), 287 miniSOG-labeled mRGC boutons, and 37 

axon segments which comprised 3200µm of total miniSOG-labeled axonal length 

from a 403,556 μm3 volume of SCN. In the OPN, we segmented and annotated 

18 neurons, 284 mRGC boutons, and 25 mRGC axon segments comprising 

5400µm of total miniSOG-labeled axon length in a 539,044 μm3 volume of OPN. 

130, 100, and 124 miniSOG-labeled mRGC boutons were segmented from IGL, 

vLGN, and dLGN respectively.   

In comparing the fully segmented cluster of neurons from the center of 

SCN (n=23) and OPN (n= 18) volumes (Figure 2.7), the total number of mRGC 

boutons that made putative synaptic contacts with SCN or OPN neurons per 

100,000µm³ in the two regions were similar (SCN 633 ± 73; OPN: 748 ± 102) 



45 
 

 

even though neurons in the SCN were 2.3 times more densely organized than 

the OPN (SCN: 60.5; OPN: 26.3 neurons, per 100,000µm³). Consequently, the 

ratio of mRGC synaptic boutons to neurons is 3 times greater in the OPN than in 

the SCN. Accordingly, mRGC contacts per 100µm of dendritic length was 3 times 

greater in the OPN (SCN: 3.3 ± 0.8; OPN: 10.8 ± 1.9) and contacts per soma 

were 6.5 times greater (SCN: 0.91 ± 0.31; OPN: 5.8 ± 1.6). Although OPN 

neurons have 3.8 times as many synapses per 1000µm² cell surface area in 

general (SCN: 47.0 ± 5.3; OPN: 143.7 ± 37.8), in the OPN a larger proportion of 

these synaptic boutons are from mRGCs (SCN: 7.8% ± 1.4%; OPN: 19.3% ± 

2.7%). While all examined OPN neurons had mRGC input, 26% (6 of 23) of SCN 

neurons had no synaptic contacts with an mRGC axon proximal enough to the 

cell body to be captured within our sample block (minimum of 25µm of available 

dendrite).  

 

2.4.5 mRGC boutons in the OPN and SCN 

mRGC boutons randomly sampled (Figure 2.8) from throughout the tissue 

block were 81% larger in the OPN (SCN: 0.53±0.05µm³; OPN: 0.91µm³ ± 

0.07µm³) and had more mitochondria per bouton (SCN: 1.21 ± 0.04; OPN: 2.13 

± 0.20). 91% of boutons in the SCN had a single mitochondria compared to only 

44% in the OPN. 58% of boutons in the OPN formed deep invaginations that 

engulfed dendritic spines and glial processes.19% of boutons in the OPN 

engulfed multiple processes with an average of 1.4 ± 0.2 invaginations per 

bouton. Terminal boutons were no larger than en passant boutons in either 
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region. Non-labeled boutons in the SCN were larger than their labeled 

counterparts, 1.04µm³ ± 0.09µm³, and exhibited numerous spine engulfment 

sites. Non-labeled boutons in the OPN were of comparable size and structure to 

their labeled counterparts (0.91µm³ ± 0.10µm³) (Figure 2.9). 

 

2.4.6 mRGC axons in the OPN and SCN 

Randomly sampled miniSOG-labeled axon segments were longer and 

more complex in the OPN. This is evident by the total segment length of 

connected axonal branches within a 500,000µm³ sample space, which was 

almost 2 times as great in the OPN (SCN: 107.0µm ± 9.2µm; OPN: 197.8µm ± 

44.8µm) This allowed for more branch points per axon segment in the OPN (SCN: 

2.2 ± 0.5; OPN: 4.3 ± 1.4). The axons in the OPN also had 45% more boutons 

per 100µm axon length (SCN: 10.8 ± 0.6; OPN: 15.7 ± 0.7). Basal axon diameter, 

or the diameter in sections of axon with no vesicles or mitochondria, was larger 

in the OPN (SCN: 182nm ± 1.5nm; OPN: 211nm ± 1.9nm) indicating not only 

larger boutons but an overall larger axon caliber. Axons in the OPN were often 

myelinated unlike in the SCN, where no myelinated mRGC axons were observed. 

The terminal branch length, defined as the distance from a terminal bouton and 

a branch point, is similar in OPN and SCN (SCN: 8.3µm ± 1.1µm; OPN: 9.6µm ± 

1.3µm). However, inter-branch distance, defined as the distance between two 

branch nodes, is larger in the OPN (SCN: 10.2µm ± 1.6µm; OPN: 15.9µm ± 

1.7µm), resulting in a larger overall axonal arbor (Figure 2.10). 
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2.4.7 mRGC boutons in the LGN  

While we were primarily focused on mRGC boutons in the SCN and OPN 

because of the vast differences in timescale of SCN/OPN-mediated processes, 

we also analyzed mRGC synaptic boutons in the dLGN, vLGN, and IGL. The IGL 

plays a role in circadian photoentrainment and is known to receive inputs from 

mRGCs and to send afferent projections back to the SCN (Hattar et al. 2002; 

Brown et al. 2010). The dLGN and vLGN are traditionally thought of as areas 

involved in image-forming vision and are also known to receive mRGC inputs 

(Brown et al. 2010). The miniSOG-labeled mRGC synaptic boutons in the IGL 

were, on average, similar in volume (0.99 ± 0.08 µm³, n=130) compared to those 

seen in the OPN with bouton density measured at 1076 ± 182 boutons per 

100,000µm³ tissue volume with a ratio of 40.9 boutons per neuron. The increase 

in IGL bouton volume was independent of differences in mitochondria per bouton 

and actually in spite of a decrease in spine intrusions (56% of boutons) as 

compared to mRGC synaptic boutons observed in the OPN. While thought only 

to send sparse projections to the LGN, miniSOG-labeled mRGC synaptic boutons 

in the vLGN were yet larger than those seen in the OPN  and miniSOG-labeled 

boutons in the dLGN were larger still than those seen in the vLGN and on average 

3 times larger than those seen in the OPN (dLGN: 3.00 ± 0.52 µm³, n=124; vLGN: 

1.51 ±0.17 µm³, n=100; OPN: 0.91 ± 0.07 µm³, n=284) (Figure 2.11).  
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2.5  Discussion 

Our miniSOG-mediated technique has allowed us to use EM to follow the 

axons of a genetically-defined cell type in the retina over many millimeters to its 

central targets in the mouse brain and to reconcile the differential timing of two 

different mRGC-mediated functions. By being able to easily identify mRGC axons 

and boutons in SBEM images of the SCN and OPN, we have discovered 

differences in the ultrastructure of mRGC axons and boutons in the SCN and 

OPN that may account for the vastly differential timing of the mRGC-mediated 

responses in each of those areas. The myelinated mRGC axons conveying light 

intensity information to the OPN and the large synaptic boutons on the convoluted 

mRGC axonal processes in the OPN may facilitate the rapid and robust transfer 

of light information necessary to effect PLR in a matter of milliseconds. In the 

same vein, the simpler and narrower non-myelinated mRGC axons with smaller 

en passant boutons that innervate the SCN necessarily pass light information 

slower than the OPN which may explain why mRGC-mediated photoentrainment 

occurs on the time scale of minutes to hours. We find that the total volume of 

mRGC processes in the SCN accounts for 0.6% of the total volume of the SCN 

studied, which is counter to the 14.4% determined from the ALPP light 

microscopy images of single M1 mRGC projections to the SCN in Fernandez, 

Chang, Hattar, & Chen, 2016.  

The vastly different bouton sizes in the five central mRGC targets in this 

study add to the evidence that the different non-image forming visual processes 

are served by specific subtypes of mRGCs. Morgan, et al. (2016) found that the 
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boutons along stretches of individual RGC axons in the thalamus (as long as 100 

um) had similarly sized boutons regardless of which thalamocortical cells they 

were synapsing with. Furthermore, they found that individual RGC axons were 

more likely to synapse on postsynaptic processes that displayed specific 

postsynaptic features. Thus, RGC bouton structure is a defining feature of an 

RGC type and RGCs appeared to have some role in setting the pre- and 

postsynaptic structural features associated with its axon terminal. Some evidence 

of that within our studies lies in the fact that the quantified boutons in the dLGN, 

a region that is thought to receive input from M4 mRGCs (Estevez et al. 2012)-

which have the biggest somas and hence the biggest axon calibers (Williams 

ansd Chalupa 1983), had the biggest bouton volumes as compared to all other 

mRGC-recipient regions. Also, the M1 subtype is thought to predominantly send 

axons to the SCN and OPN shell  whereas M2 mRGCs are thought to send more 

axons to the OPN core (Chen, Badea, and Hattar 2011). The significant 

differences between mRGC axon caliber, bouton sizes, and flat vs. invaginated 

synapses between the SCN and OPN may reflect the subtype-specific 

projections of M1 and M2 mRGCs.   

The optimized protocols for vector-mediated expression of miniSOG, 

miniSOG photooxidation, SBEM image collection, and automated segmentation 

form a unique pipeline that can be used to efficiently study the connectivity and 

ultrastructure of genetically-defined cell types. The image volumes collected thus 

far are a rich and invaluable resource of high-resolution information that have yet 

to be mined. Future directions will aim to elucidate the ultrastructure of mRGC 
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axons in other brain regions targeted by mRGCs so as to better understand the 

circuitry of mRGC-mediated functions; as well as to delve deeper into the retina 

volumes to answer some long-standing questions regarding mRGC intraretinal 

interactions. 

 

 

Chapter 2 is currently being prepared for submission for publication of the 

material. Kim, Keunyoung; Liu, Cindy Yu Hsin; Rios, Luis; Perez, Alex; Phan, 

Sebastien; Garcia, Guadalupe C.; Ju, Suyeon; Ellisman, Maya; Ellisman, Mark; 

Panda, Satchidananda. I am the primary investigator and will be co-first author 

on this paper with Keunyoung Kim who performed and optimized all of the tissue 

processing, electron microscopy, and image processing. Luis Rios contributed 

significant segmentation and quantifiacation. Alex Perez contributed the 

autosegmentation results. Mark Ellisman and Satchidananda Panda directed and 

supervised the research.  
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Figure 2.1  Vector-mediated expression of miniSOG in mRGCs  

Vector-mediated Cre-dependent expression of miniSOG is localized to mRGCs 
in Opn4Cre mice. MiniSOG is expressed throughout the mRGC soma, dendrites, 
and axons. 
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Figure 2.2  Circadian photoentrainment is intact miniSOG-injected mice 

Actograms from 3 groups of mice uninjected (top left), injected control DIO 
construct (top right), and miniSOG-injected (bottom row), showing entrainment of 
activity rhythms to 12:12 Light:Dark (LD) conditions, normal free-running period 
in the Dark:Dark (DD) lighting conditions, and intact negative masking to 2 hours 
bright light stimulus during the early dark period (red bar).  
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Figure 2.3 Photooxidation of miniSOG-labeled tissues 

Photooxidation results in formation of dark brown polymerized DAB product in 
retina (left), suprachiasmatic nucleus (SCN, middle), and olivary pretectal 
nucleus (OPN, right). Second row shows the boxed areas in the top row enlarged; 
in the enlarged view of retina, blue arrows show the miniSOG-labeled mRGCs. 
Staining the polymerized DAB with osmium tetroxide results in a dark electron-
dense precipitate (yellow arrows) that is easily identifiable in EM (bottom row). 
EM images of OPN reveal that mRGC axonal processes are myelinated (red 
arrows). 
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Figure 2.4 MiniSOG label fills mRGC soma  

MiniSOG labels mRGCs with soma diameters that are within the ranges of those 
reported in literature (top left). EM resolution with miniSOG label allows for the 
calculation of volume fraction occupied by various organelles in mRGCs vs other 
RGCs (top right). A representative image of a volume of retina tissue (bottom 
left). A representative image of a miniSOG-labeled mRGC (bottom right, left) and 
a non-miniSOG-labeled RGC (bottom right, right). 
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Figure 2.5 MiniSOG labels mRGC axons 

Cross-sections of proximal optic nerve from mice with miniSOG-labeled mRGCs 
(A-D) that are stained for myelin (purple, A,C,D) and miniSOG (B-D); scale bar 
is 5 um. Inset (A-C) shows wider field of view. EM image of miniSOG-labeled 
RGC axon sheathed in myelin (E) and non-myelinated RGC axon; Scale bar 10 
nm. G: mRGC axon diameters. 
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Figure 2.6 Autosegmentation of miniSOG label  

MIniSOG label allows for the autosegmentation of mRGC axons in the SCN. Top 
left: photooxidized mRGC axonal processes in the SCN. Top middle: EM of 
miniSOG-labeled SCN. Top right: enlarged view of boxed area from Top middle. 
Bottom left: volume (top) and cross-sectional (bottom) view of automatically 
segmented mRGC processes (green) and SCN nuclei (blue) from the SCN. 
Bottom right: en face view of automatically segmented mRGC axonal processes 
and SCN nuclei in SCN.  
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Figure 2.7 mRGC interactions in the SCN and OPN 

3D reconstructions of mRGC axons (red) and neurons (shades of green and blue) 
in SCN (A) and OPN (D) with synapses on select neurons marked in yellow; scale 
bar is 10 um. EM view of interactions between mRGC axons (shaded purple) and 
neurons (shaded blue) in SCN (B,C) and OPN (E,F). Bottom left: number of 
mRGC boutons per traced SCN/OPN neuron. Bottom middle: number of mRGC 
boutons that synapse with the cell body of a SCN/OPN neuron. Bottom right: 
mRGC boutons as percentage of all synaptic contacts on a SCN/OPN neuron. 
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Figure 2.8 Sample mRGC boutons in SCN and OPN 

Examples of 5 boutons in SCN and OPN. First row of each set is the raw data. 
Second row shows green tinted mRGC bouton with mitochondria (red 
arrowheads) and synaptic intrusions (yellow arrows). Scale bar is 1 um. 
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Figure 2.9 mRGC boutons in SCN and OPN  

3D reconstructions of boutons in SCN and OPN with mitochondria (green) and 
post-synaptic intrusions (red). 
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Figure 2.10 mRGC axons in SCN and OPN   

mRGC axons in the OPN make more synapses with local neurons and have more 
branches and boutons than in the SCN. Top: for SCN and OPN, six sample line 
drawings representing terminal mRGC axons in each region. Each color on the 
line drawings represents a length of axon between aa synaptic bouton. Axons in 
the OPN have more branches and more boutons per length of axon. 

 

 

  



61 
 

 

 

 

Figure 2.11 mRGC boutons in LGN 

Left: Representative 3D reconstructions of one mRGC bouton from dorsal lateral 
geniculate nucleus and one from ventral lateral geniculate nucleus showing 
mitochondria (green) and post-synaptic intrusions (red). Right:  comparing bouton 
volume from 5 different mRGC-recipient regions.                                                                                                                                                                                                            
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Chapter 3  

Subtype- and Stratification-Specific Connections of mRGCs 

 

3.1   Abstract 

 Melanopsin-expressing retinal ganglion cells (mRGCs) express the 

opsin-class photopigment melanopsin (gene name Opn4) and are intrinsically 

photosensitive cells in the mammalian retina that are essential for non-image 

forming (NIF) visual processes. Rod and cone photoreceptor signals funnel 

through mRGCs to reach regions of the brain that mediate NIF visual processes 

but in the absence of rods and cones, mRGCs are sufficient to drive NIF visual 

processes such as circadian photoentrainment and pupillary light reflex. Of the 

five subtypes of mRGCs, the M1 subtype is identified by its dendritic 

stratifications only in the OFF-sublamina of the inner plexiform layer (IPL). As 

such, it is intriguing that the M1 subtype shows a dramatic and sustained ON-

light response. The fact that all subtypes of mRGCs are identifiable from one 

another based on morphological differences and that there is some evidence 

that different subtypes of mRGCs project to different regions of brain raises the 

question of whether the different mRGC subtypes receive input from different 

retinal cells. We use a correlated light and electron microscopy label, miniSOG, 

to label all mRGCs in the mouse retina and serial blockface scanning electron 

microscopy to explore mRGC subtype-specific circuitry and the ultrastructural 

differences that set mRGC-subtypes apart. 
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3.2   Introduction 

 Retinal ganglion cells are a heterogeneous population of cells that 

consist of about 30 different types. They are heterogeneous in their retinal 

inputs, physiology, and their central projections (Østergaard, Hannibal, and 

Fahrenkrug 2007). Of the known retinal ganglion cells, there are a small subset- 

making up 2-4% of all RGCs- that express the photopigment melanopsin 

(mRGCs) which renders them intrinsically photosensitive (Hattar et al. 2002; 

Berson, Dunn, and Takao 2002; Ecker et al. 2010). mRGCs project to regions 

of the brain such as the suprachiasmatic nucleus (SCN) and olivary pretectal 

nucleus (OPN) that are known to mediate non-image forming (NIF) visual 

processes such as circadian photoentrainment and pupillary light reflex (PLR), 

respectively (Baver et al. 2008; Ecker et al. 2010; Gooley et al. 2003; Güler et 

al. 2008; Hatori et al. 2008).  

 mRGCs can be divided into 5 subpopulations based on morphology- 

specifically their dendritic ramification in the inner plexiform layer (IPL) and 

dendritic branching pattern (Figure 1.2). M1 cells have sparse dendrites that 

only stratify in the OFF-sublamina. M2, M4, and M5 cells all have dendrites that 

only stratify in the ON-sublamina. However, M4 cells have twice as many 

dendrites and a larger dendritic field size as compared to M2 cells and M5 cells 

had uniquely small dendritic fields with dense branching patterns (Hu, Hill, and 

Wong 2013). M3 cells have dendrites that stratify in both the OFF- and the ON-

sublaminae (Ecker et al. 2010; Viney et al. 2007; Schmidt and Kofuji 2009). 

Furthermore, the five subtypes of mRGCs have significantly different soma 
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sizes. In one study, M1s were shown to have soma diameters of 15.7 ± 0.4 um, 

M2s were shown to have soma diameters around 18.9 ± 0.6 um, and M3s were 

shown to have soma diameters of 17.8 ± 0.6 um (Schmidt and Kofuji 2011). In 

another study, M1s had soma diameters of 13.9 ± 0.5 um, M2s had soma 

diameters of 15.7 ± 0.4 um and M4s had soma diameters of 21.0 ± 0.4 um 

(Estevez et al. 2012). The soma diameter of M5 cells have not been 

significantly quantified, but it is generally appreciated that M5 soma diameters 

are smaller than M1 cells (Ecker et al. 2010; Schmidt, Chen, and Hattar 2011).   

While it seems that the exact measurements of soma diameters differ between 

studies, the general consensus is that for soma diameters is that M5 < M1 < M3 

≤ M2 < M4.  

The mRGC subtypes also differ in their intrinsic responses to light and 

whether they tile the retina. M1 cells exhibit much larger and more sensitive 

light responses than M2 cells (Schmidt and Kofuji 2009). For the most part, M3 

and M2 photoresponses were very similar, despite their differing stratification 

patterns (Hu, Hill, and Wong 2013; Schmidt and Kofuji 2011). M4 cells have 

photoresponse properties that are very different from M1, M2, and M3 cells but 

very similar to M5 cells- despite having very different dendritic field diameters 

(Hu, Hill, and Wong 2013). While M1, M2, and M4 mRGCs independently tile 

the retina, M3s have not been shown to tile the retina and nothing is known 

about whether M5s tile the retina (Estevez et al. 2012; Schmidt and Kofuji 

2011).  

Considering all these differences in mRGC subtype morphology, it is 
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somewhat surprising that all mRGCs, despite M1 and M3 cells’ IPL stratification 

in the OFF-sublamina, show an ON-response. Taken with the fact that the M1s 

are thought to serve different NIF visual functions by projecting to different brain 

region than the other subtypes, it is possible that another distinction that sets 

mRGCs apart from each other is their intra-retinal partners. Various approaches 

such as pseudorabies virus retrograde labeling and immunoEM have shown 

that mRGCs are postsynaptic to amacrine cells and bipolar cells in the IPL and 

that OFF-stratifying M1 dendrites receive ectopic synaptic input from ON-bipolar 

cell axons and dopaminergic amacrine cells, but no further details looking into 

mRGC subtype-specific input exists (Dumitrescu et al. 2009; Jusuf et al. 2007; 

Belenky et al. 2003; Østergaard, Hannibal, and Fahrenkrug 2007).  

To identify the pre-synaptic players involved with different subtypes of 

mRGCs and the structural differences between them, we use a Cre-dependent 

vector-mediated approach to express a correlated light and electron microscopy 

label, mini-Singlet Oxygen Generator (miniSOG, (Shu et al. 2011)), exclusively 

in the mRGCs of Opn4Cre mice. Delivered thus, the miniSOG label fills all 

mRGCs and their processes with a dark, electron-dense, easily identifiable 

label. Using automatic and manual segmentation of serial blockface scanning 

electron microscopy (SBEM) volumes of miniSOG-labeled retina, we 

reconstruct miniSOG-labeled mRGCs and mRGC processes to identify mRGC 

subtypes and the structural features that define them. Furthermore, the 

ultrastructural resolution of SBEM allows us to mark all synapses with mRGCs 

and segment the cells presynaptic to mRGCs. In this study, we have quantified 
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the dendritic branching and beading patterns based on mRGC subtype and 

mRGC dendritic stratification, and have discovered that mRGCs receive inputs 

from nearly all bipolar cell types and over 5 morphologically distinct amacrine 

cell types.  

 

3.3   Materials and Methods 

 Tissue for these experiments came from the same animals and were 

processed at the same time as tissue that was used for the experiments 

described in Chapter 2. The relevant overlapping materials and methods 

relating to the animal work, tissue preparation, and imaging is reproduced here 

in brief. 

Animals   

Male and female Opn4Cre/+ mice between 8 wks and 6 months were 

used.  

Vector construction 

A farnesyl sequence was cloned into the 3’ end of the miniSOG construct 

and was inserted in an inverted orientation between the lox sites in an AAV2-

DIO vector to create AAV2-DIO-miniSOG-f. AAV2-DIO-miniSOG-f and AAV2-

DIO-tdTomato-f was produced by the Salk Gene Transfer, Targeting and 

Therapeutics Viral Vector Core Facility at titers of 1.09 x 1011 TU/ml and 

9.41x1011 TU/ml, respectively.  

Intravitreal injection 

3 ul of AAV2-EF1α-DIO-miniSOGm and 0.3 ul of AAV2-EF1α-DIO-
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tdTomato was injected into each eye of Opn4Cre/+ mice between the ages of 8 

weeks and 6 months old. Anesthesia is induced and maintained with isoflurane. 

0.5% proparacaine (Bausch and Lomb) was applied to each eye prior to any 

surgical procedure to provide topical analgesia. An initial incision was made in 

the limbus with a 31-guage insulin needle and virus was injected into the center 

of the eye through a micromanipulator-mounted 34-guage beveled needle on a 

10ul Hamilton syringe. Virus slowly injected over the course of 1 minute and 

allowed to diffuse through the vitreous for 3 minutes before the needle was 

slowly withdrawn. GenTeal lubricant eye gel (Novartis) was applied to both eyes 

and the animal removed from isoflurane anesthesia and placed in a clean cage 

to recover before returning to its home cage.  

Tissue Preparation for SBEM  

At least three weeks after intravitreal injection of AAV-miniSOG into 

Opn4Cre mice, the mice were anesthetized with ketamine/xylazine and 

transcardially perfused with Tyrode’s solution followed by 4% formaldehyde/ 

0.1% glutaraldehyde in 0.1M phosphate buffered saline (PBS). The retina was 

dissected and post-fixed with 4% formaldehyde in 0.1 M PBS on ice for 2h. For 

mini singlet oxygen generator protein (miniSOG) photooxidation, tdTomato-

expressing mRGCs were identified using a Leica SPE II inverted confocal 

microscope and the retinal tissue was fixed with 2.5% glutaraldehyde, 2.5 mM 

CaCl2 in 0.15 M Sodium Cacodylate buffer (CB) pH 7.4. Tissue was then rinsed 

with ice cold CB, and blocked for 30 min with 50 mM glycine, 10 mM Potassium 

cyanide and 5 mM aminotriazole in CB. Freshly prepared diaminobenzidine 
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(DAB free base, Sigma) in CB was added to the tissue, and mRGCs were 

illuminated with 450–490 nm light from a Xenon lamp for 20–25 min until a light 

brown reaction product was observed in place of the green fluorescence of 

miniSOG. The tissue was then processed for SBEM. 

SBEM Staining and Imaging 

Tissue was prepared for SBEM as previously described (Deerinck et al. 

2010). Briefly, tissue was washed with 0.15 M CB and then placed into 2% 

OsO4/1.5% potassium ferrocyanide in 0.15 M CB containing 2 mM CaCl2. The 

slices were left for 30 min on ice and then 30 min at room temperature (RT). 

After thorough washing in double distilled water, the slices were placed into 

0.05% thiocarbohydrazide for 30 min. The slices were again washed and then 

stained with 2% aqueous OsO4 for 30 min. The slices were washed and then 

placed into 2% aqueous uranyl acetate overnight at 4°C. The slices were 

washed with water at RT and then stained with en bloc lead aspartate for 30 

min at 60°C. The slices were washed with water and then dehydrated on ice in 

50%, 70%, 90%, 100%, 100% ethanol solutions for 10 min at each step. The 

slices were then washed twice in dry acetone and then placed into 50:50 

Durcupan ACM:acetone overnight. The slices were transferred to 100% 

Durcupan resin overnight. The slices were then flat embedded between glass 

slides coated with mould-release compound and left in an oven at 60°C for 72 

h. SBEM data was collected with a 3View unit (Gatan Inc., Pleasanton, CA, 

USA) installed on a Merlin field emission SEM (Carl Zeiss Microscopy, Jena, 

Germany). The retina volumes were collected in 2.0 to 2.4 kV accelerating 



72 
 

 

voltages, with a raster size of 20k×20k or 24kx24k and pixel dwell time of 0.5 -

1.5 μms. The pixel sizes were 4.0-7.3 nm, depending on the raster size and 

section thickness was 60-70 nm. Before each volume was collected, a low 

magnification (∼500×) image was collected of the block face to confirm the 

anatomical location of the volume based on tissue landmarks, such as the 

RGCs and blood vessels. Once a volume was collected, the histograms for the 

slices throughout the volume stack were normalized to correct for drift in image 

intensity during acquisition. Digital micrograph files (.dm4) were normalized 

using Digital Micrograph and then converted to MRC format. The stacks were 

converted to eight bit, mosaics were stitched, and volumes were manually or 

semi automatedly traced for reconstruction and analysis. 

Manual segmentation 

3D reconstruction of mRGCs and mRGC processes. The miniSOG 

label fills labels mRGC-membranes and fills mRGC processes with a dark, 

easily-recognizable label. Using IMOD software (University of Colorado, 

Boulder, (Kremer, Mastronarde, and McIntosh 1996)), mRGCs were identified 

by finding miniSOG-labeled cell bodies in the ganglion cell layer of the SBEM 

volumes. mRGC processes were identified by finding miniSOG-labeled cross 

sections in the inner plexiform layer of the SBEM volumes. mRGC somata or 

mRGC processes of interest were assigned a unique object number and 

followed through the SBEM volume. Using the drawing tools in IMOD, contours 

were drawn around contiguous miniSOG-labeled cross sections of the object as 

its processes branched and spread across the volume such that there was 
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always some overlap in the x,y coordinates of the contours across slices. The 

miniSOG-labeled processes of any object were followed to the fullest extent of 

the volume. The IMOD routine imodmesh was used to render the segmented 

objects in 3D.  

For Volume_3, all miniSOG-labeled processes were segmented in a 92.4 

x 92.4 x 51.0 um block that consisted of the IPL from the majority of Volume_3’s 

surface area. The block was broken into grids of 9.24 x 9.24 x 51.00 um and all 

miniSOG-labeled processes in individual grids were manually segmented by 4 

different observers. The models for all the grids were then joined back together 

using the IMOD routine imodjoin and obviously connected objects were 

combined into one object. This two-step manual segmentation and post-

processing approach guarantees that all segmented objects are checked by at 

least two observers- one who segmented the grid and another who joined the 

objects together.   

Dendrite/ mRGC volume. Objects representing miniSOG-labeled 

mRGC processes or mRGCs were meshed with the IMOD routine imodmesh. 

The IMOD routine imodinfo returned the volume of each object.  

mRGC synaptic density. Putative synapses were identified as sites 

where the presynaptic membrane came in contact with contiguous miniSOG-

labeled processes for at least 4 vertical sections or 240 linear nanometers and 

where vesicles were docked at or within one vesicle’s diameter of the pre-

synaptic plasma membrane directly opposed to a miniSOG-labeled mRGC 

cross section. All putative synapses were marked and counted for each mRGC 
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with dendritic arbors in the three retina volumes (nine of ten total mRGC 

somata) by two experienced researchers to give the total number of putative 

synapses. To calculate dendritic length, using the point function of IMOD’s 

drawing tools, open contours were used draw a skeleton along the dendritic 

processes of the nine arbored-mRGCs such that each branch was recapitulated 

by a separate contour. All skeletons were checked by two separate observers. 

The IMOD routine imodinfo returned the length of the contours. Synaptic 

density was calculated by dividing the number of putative synapses along a 

length of dendrite by the length of the dendrite. 

Bead-Expansion Ratio. For each segmented unique object, the 

“measure” drawing tool in IMOD was used to measure the length of a line 

drawn perpendicular to the direction of travel of the dendrite and across the 

widest part of a dendritic bead or stretch of dendrite halfway between two 

beads. For each object, all beads and inter-bead dendrites were measured and 

the corresponding layer of stratification (strata 1 through 5, 1 being the stratum 

closest to the inner nuclear layer) in the inner plexiform layer was recorded. 

Bead-expansion ratios were calculated by dividing the average bead diameter 

by the average dendrite diameter.  

Identification and backtracing of cell types presynaptic to mRGCs. 

For all identified putative synapses to mRGC dendrites, the marked presynaptic 

terminal was manually followed through the image stack. To backtrace the 

presynaptic cells, continuous open contour points were laid in the center of the 

presynaptic cell’s cross sections to represent the branching pattern of the 
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presynaptic cell. Each time a process branched, a new contour would be used 

to mark the new branch. The resulting skeleton would capitulate the layers in 

which the presynaptic cell stratified its dendrites/axons, branching pattern of the 

presynaptic cell, location of the presynaptic cell’s soma, and inputs to the 

presynaptic cell. The skeletonized presynaptic cell is identified by comparing its 

morphology to the known morphologies of identified bipolar cell types as 

described in Ghosh et al. 2004 and the amacrine cell types described in 

Macneil et al. 1999. In some cases, full closed contour 3D reconstructions of 

presynaptic cells were made by tracing the plasma membrane of as many 

presynaptic cell cross-sections as were necessary reconstruct the cell in 3D 

using the IMOD routine imodmesh. 

Automatic segmentation 

Using IMOD, for retina Volume_2, the threshold-based routine, 

imodauto, was used to draw contours around pixels with intensity higher than a 

defined threshold. Imodmesh was used to reconstruct and obtain 3 dimensional 

models of the miniSOG-labeled structures in the EM datasets. Finally, 3-

dimensional connected objects were separated into different objects using the 

IMOD routine imodsortsurf. False positives were removed from the model and 

relevant objects of interest were combined manually.   

For retina Volume_1, we used Ilastik (Sommer et al. 2011) to execute a 

processing step before post-processing with IMOD.  In Ilastik, we used a pixel 

classification workflow and then an object-level classification step to generate 

binary masks for the axons and neurons labeled with miniSOG. Both classifiers 
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are learned from training data provided by the user using labels to separate 

object types (two labels are used, one for the axons or neurons and the other 

for the background).  The output of Ilastik is then converted to an IMOD 

compatible format for further analysis. In IMOD, contours are drawn around the 

binary masks, as stated above before, using the routine imodauto. All the 

subsequent steps of processing are similar to the first procedure. 

 

3.4  Results 

3.4.1 Retina volumes 

 Four retina volumes were generated for these studies, but only three of 

the volumes, Volume_1, Volume_2, and Volume_3, were of sufficient quality, in 

terms of resolution and imaging/processing artifacts, for segmentation (Figure 

3.1). Because mice lack a fovea or visual streak (Carter-Dawson and LaVail 

1979), all retinal cell types, including mRGCs (Berson, Castrucci, and Provencio 

2010) are largely equally distributed across the retina. All imaged retinal 

volumes were taken from regions of the retina that were not damaged and not 

immediately adjacent to the optic disc or the virus injection site.  

Volume_1 contained 3 mRGC cell bodies (2.2% of all cells in GCL; 

Figures 3.1, 3.2), covered the greatest surface area of retina (dimensions: 136 x 

133 x 60 um; total volume = 1,085,280 um3), had the least amount of alignment 

and charging artifacts, and spanned the region between the outer edge of the 

ganglion cell layer (GCL) and the inner edge of the outer plexiform layer (OPL).  

Volume_2 contained 4 mRGC cell bodies (3.6% of all cells in GCL; 
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Figures 3.1 and 3.3), 3 of which had significant dendrites, encompassed a total 

volume of 749,000 um3 (dimensions: 140 x 107 x 50 um), and spanned the 

region between the outer edge of the GCL and the inner edge of the INL. The 

variable charging artefacts in the bottom 20% of the volume and the fact that 

the INL was not encompassed in this volume precluded this volume from 

backtracing for presynaptic cells.  

Volume_3 contained 3 mRGC cell bodies (3.7% of all cells in GCL; 

Figures 3.1 and 3.4), covered the smallest amount of retinal surface area 

(dimensions: 103 x 106 x 127 um; total volume = 1,386,586 um3), and spanned 

the full thickness of the retina from GCL to the outer segments of the 

photoreceptors. Despite some alignment artefacts along the midline in the 

vertical and horizontal directions where four smaller volumes were stitched 

together in a 2 x 2 block, the capitulation of the full-thickness retina made this 

volume enticing for complete segmentation.  

The distribution of mRGCs within the three volumes agrees with existing 

literature on mRGC density in the GCL (Berson, Castrucci, and Provencio 

2010). All 5 morphologically-defined subtypes of mRGCs could be identified 

from the 9 mRGCs in these three volumes that had significant dendrites. In 

total, 10,524.12 um (2,826.78 um from Volume_1, 2,322.15 um from Volume_2, 

and 5,375.19 um from Volume_3) of dendritic length was measured from the 9 

mRGCs in all of the volumes (Figure 3.5). Based off of the soma size and 

dendritic stratification of the segmented mRGCs, Volume_1 contains an M1, 

M4, and M5, Volume_2 contains an M2, M3, and M4, and Volume_3 contains 
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an M2, M3, and M5. (Figure 3.6).  

 

3.4.2 mRGC processes cover the majority of the retina surface area 

Despite some alignment artefacts along the midline in the vertical and 

horizontal directions, the capitulation of the full-thickness retina made Volume_3 

particularly enticing for complete segmentation of miniSOG-labeled processes. 

In Volume_3, all miniSOG-labeled processes were manually segmented from a 

92.42 x 92.42 x 51.00 um block of tissue (total volume = 435,614.28 um3) that 

encompassed the entire ganglion cell layer (GCL) and inner plexiform layer 

(IPL). 

The miniSOG-labeled processes revealed a total of 332 unique 

miniSOG-labeled objects in the volume which included 3 mRGC cell bodies and 

their dendritic and axonal processes, 61 miniSOG-labeled axonal processes, 

and 268 other unique objects representing separate dendritic processes in the 

IPL (Figure 3.7). MiniSOG-labeled processes occupied 0.4% of the whole IPL 

volume (total IPL volume 384,490.31 um3; 92.42x92.42x45um (sections 100-

850)) and mRGCs made up 3.7% of all GCL cell bodies. In total, the miniSOG-

labeled processes and cell bodies covered 56.50% (Figure 3.8) of the retinal 

surface area and spanned the full thickness of the IPL with 82.34% of all 

miniSOG-labeled processes (consisting of 280 unique objects) within strata 4 

and 5 (occupying 1.22% of strata 4 and 5 volume). 13.29% of the processes 

(consisting of 22 unique objects) occupying strata 1 and 2 of the OFF-

sublamina (occupying 0.20% of strata 1 and 2 volume), and 4.37% of the 
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processes (consisting of 16 unique objects) occupying strata 3 (occupying 

0.11% of strata 3) (Figure 3.9).  

Some objects in the volume do not stratify to just the ON- or OFF- 

sublamina and instead span the full thickness of the IPL (Objects 101, 265, 41, 

and the mRGC “V3_left”. One of these processes is an ectopic branch off of an 

axon, one is a primary dendrite of an M1 mRGC, one is the M3 mRGC from the 

center of the volume, and others are M3-like processes (Figure 3.10). The three 

miniSOG-labeled mRGCs in this volume were completely segmented to the 

fullest extent of the volume in order to try to capture as much information about 

the mRGCs as possible. Due to the dimensions of the volume, only the 

proximal dendritic field (up to ~50 um from the center of the cell body) could be 

segmented. Within the volume, the proximal dendritic processes (50 um radius 

from center of the cell body) and the cell bodies of the three mRGCs covered 

19% of the retinal surface area and occupied 0.02 % of the volume of the IPL, 

which is 5.39% of all segmented mRGC processes within the fully segmented 

block. 

 

3.4.3 Dendritic morphology of mRGC processes _  

For all segmented objects that were longer than 10 um, including those 

from the mRGCs with somata in the volume, the branching and bead pattern 

was quantified in terms of branch length and number of beads per branch.  

From the fully segmented mRGC dendritic processes in Volume_3, mRGC 

dendrites that stratified in the ON-sublamina had shorter internal branch lengths 
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(average 11.58) than those that stratified in the OFF-sublamina (average 

12.28); as measured by the average lengths of dendrite between branchpoints 

(Figure 3.11, top). As comparison, the internal branch lengths of a single 

bistratified mRGC (V3_middle, an M3 subtype mRGC from Volume_3) showed 

a similar pattern where the internal branch lengths of the ON-stratifying 

dendrites (average 9.00 um) were shorter than those of the OFF-stratifying 

dendrites (average 10.79 um) (Figure 3.11, bottom). When comparing the 

internal branch lengths of all ON-stratifying proximal dendrites (dendrites that 

are connected to a cell body in the volume, and hence, within 50 um of the cell 

body) and distal dendrites (dendrites that do not have cell bodies within the 

volume), the internal branch lengths of ON-stratifying proximal processes are 

shorter than those of the ON-stratifying distal processes (Figure 3.12, top). Of 

the ON-stratifying dendrites, those that belong to the ON-stratifying dendrites of 

V3_middle are shorter (average 9.00 um) than those of all other ON-stratifying 

mRGC processes (average 14.06 um) (Figure 3.12 bottom). 

To characterize the bead-like varicosities, for all mRGCs greater than 10 

um, all the beads along a length of dendrite were counted. The length of the 

dendrite divided by the number of beads on the dendrite gives the interbead 

distance. ON-stratifying mRGC processes had smaller distances between 

beads than OFF-stratifying mRGC processes (average 3.42 vs 4.86 um, 

respectively) (Figure 3.13, top left) whereas the interbead distances between 

proximal (within 50 um of cell body) and distal dendrites (average 3.36 vs 3.42 

um, respectively) (Figure 3.13, top right) and between the proximal dendrites of 
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each of the three mRGCs in Volume_3 (average 3.55, 3.33, and 3.22 um for 

V3_left, V3_middle, and V3_right, respectively), were roughly the same (Figure 

3.13, bottom). 

We measured the diameter for every bead and an adjacent stretch of 

dendrite as the longest line perpendicular to the direction of dendritic projection. 

Dividing the bead diameter by the dendrite diameter gives a “bead-expansion 

ratio” that describes how many times greater the diameter of a bead is than the 

surrounding dendrite. The bead expansion ratio for each object was positively 

correlated with axon diameter. Bead-expansion ratios were greater in the ON-

sublamina vs the OFF-sublamina (Figure 3.14).  

 

3.4.4 Synaptic density of mRGCs  

 Synaptic density, synapses per 10 um dendritic length, was calculated 

for all mRGCs in all volumes. Figure 3.15 shows the synaptic map of the M2 

subtype mRGC V3_right from Volume_3 with all synapses on the V3_right 

skeleton (purple lines) marked with green contours and orange contours 

denoting the synapses that could be traced back to a cell body. Putative 

synapses were identified based off of docked, or near-docked (within one 

vesicle’s diameter of the membrane) and significant membrane to membrane 

contact between the presynaptic terminal and the miniSOG-labeled process. In 

Volume_1, the synaptic density of the M4 (total dendritic length = 1,302.10 um), 

M1 (total dendritic length = 595.13 um), and M5 (total dendritic length = 929.55 

um) was 4.03, 3.66, and 4.12, respectively.  In Volume_2, the synaptic density 
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of the M2 (total dendritic length = 534.54 um), M3 (total dendritic length = 

1,514.84 um), and M4 (total dendritic length = 282.77 um) was 3.33, 2.65, and 

4.17, respectively.  In Volume_3, the synaptic density of the M2 (total dendritic 

length = 1,596.25 um), M3 (total dendritic length = 3,075.14 um), and M5 (total 

dendritic length = 703.80 um) was 1.41, 2.20, and 3.00, respectively (Figure 

3.5).    

 In marking all synapses on the segmented mRGCs, an interesting 

feature of the M4 mRGC, V1_green, in Volume_1 was noted. Occurring at a 

frequency of 0.95 every 10 um, there was a unique synapse ultrastructure 

where very fine tendrils of miniSOG-labeled membrane would bud off of the 

mRGC dendrite and engulf a small protrusion from a presynaptic terminal 

forming a tight cap (Figure 3.16). These cap synapses were occasionally seen 

on other ON-stratifying mRGC subtypes across volumes. 

 Though bipolar cell synapses are classically thought to contain ribbon 

synapses. Very few putative axodendritic synapses between bipolar cells and 

mRGCs were ribbon synapses. The vast majority of putative axodendritic 

synapses between bipolar cells and mRGCs were conventional synapses 

where neurotransmitter vesicles were found docked at the bipolar cell terminal 

membrane directly opposed to miniSOG-labeled mRGC processes (Figure 

3.17). 

  

3.4.5 mRGC subtype determines intra-retinal interactions 

 In Volume_1 and Volume_3, cells presynaptic to segmented mRGCs in 
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those volumes were reconstructed by starting at an identified putative synapse 

and backtracing or segmenting the cell that contains the presynaptic contour 

backtracing. Both full contours segmentations and open-contour skeleton 

tracings were used to follow and mark the processes of presynaptic cells back 

to a cell body in the INL. The skeletons were elaborated to include as many 

dendritic or axonal branches as possible- to flesh out the dendrites of amacrine 

cells for better classification, and to follow bipolar cell processes back to a rod 

spherule or cone pedicle to confirm bipolar cell type. Over 100 bipolar and 

amacrine cells were backtraced from various mRGCs that encompassed all 

mRGC subtypes. Both bipolar cells (Figure 3.18) and amacrine cells (Figure 

3.19) were identified from backtraced cells. Figure 3.20 summarizes the cell 

types presynaptic to the different mRGCs segmented from Volume_1 and 

Volume_3. 

Rod bipolar cells (RBC), which are not thought to directly synapse onto 

ganglion cells (Kolb 1979) were shown to directly come in contact and make 

putative synapses with miniSOG-labeled mRGC processes. In one case, the 

RBC terminal made direct and persistent contact to the soma of the M1 mRGC 

in Volume_1 (Figure 3.21). In another case, an RBC made ectopic axonal en 

passant to OFF-stratifying mRGC dendrites. 

 Dendritic stratification in the IPL generally dictates the inputs that an 

mRGC dendrite would receive, however because mRGC dendrites do not solely 

ramify in a narrow band in the IPL, but instead undulate within the IPL, mRGCs 

receive inputs from a remarkable diversity of presynaptic partners. The 
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exceptions to the dendritic-stratification-dependent view of presynaptic inputs to 

mRGCs is that OFF-stratifying M1 and M3 dendrites receive input from en 

passant synapses off of the axons of ON-bipolar cells. This has been 

documented for OFF-stratifying dendrites of M1 cells (Hoshi et al. 2009; 

Dumitrescu et al. 2009; Lauritzen et al. 2013) especially in the area of the IPL 

directly up against the INL, but has yet to be described for the M3 (Figure 3.22)  

 

3.5  Discussion 

3.5.1 Subtype- or stratification- specificity 

mRGCs can be divided morphologically into 5 subtypes. When factoring 

connectivity into studying the structure of mRGC subtypes, it is important to 

know which characteristics are intrinsic to the cell and which characteristics are 

a result of outside local influence. Which features of the mRGC’s structure are 

subtype-dependent and which features are stratification-dependent? Identifying 

the stratification- or connection-dependent features gives greater insight into the 

function of the cell.  

It was originally thought that the stratification of all retinal ganglion cell 

(GC) dendrites in the IPL defined its connectivity. GC dendrites that stratified in 

the outer IPL, or the OFF-sublamina, received glutamatergic inputs from OFF-

bipolar cells in response to the cessation of light. GC dendrites that stratified in 

the inner IPL, or the ON-sublamina, received glutamatergic inputs from ON-

bipolar cells which release glutamate in the presence of light (Kolb 1979). 

Following this stratification rule, one would expect the M1 mRGCs, with their 
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dendrite that stratify in the OFF-sublamina, to exhibit an OFF-response, M2, 

M4, and M5 mRGCs with their dendrites in the ON-sublamina to have an ON-

response and M3 mRGCs with their dendrites in both the ON- and OFF-

sublaminae to have a more complex response as dictated but the input from 

two different light signals. However, M1 and M3 mRGCs break this rule by 

exhibiting a sustained ON-response (Zhao et al. 2014). This reveals gaps in our 

understanding of intraretinal connectivity and adds emphasis on the need to 

consider connectivity in defining function.  

Branch length is a stratification-dependent feature. Analysis of branch 

length in the Volume_3 miniSOG-labeled mRGC processes showed that ON-

sublamina-stratifying dendrites had shorter branches (Figure 3.13, top left) 

compared to OFF-stratifying dendrites. This suggests that branching pattern 

may be a stratification-dependent feature. In fact, when we look at the internal 

branch lengths (branches that are not terminal branches and that do not project 

beyond the bounds of the volume) of the M3 in Volume_3, the average internal 

branch length of dendrites stratifying in the ON-sublamina and OFF-sublamina 

are 9.00 and 10.79 um, respectively. If branch length were subtype-dependent, 

the branch lengths of the three levels of M3 dendrite would likely have all had a 

similar internal branch lengths. Instead, the branch length pattern within this M3 

shows a gradient in branch length that mirrors the gradient seen in all other 

miniSOG-labeled mRGC processes. However, proximal dendrites have shorter 

internal branch lengths than distal dendrites, suggesting that internal branch 

lengths may vary within one subtype depending on how far from the cell-body 
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measurements are being made.  

Interbead distance, the distance between beads, is also a stratification 

dependent feature, and bead expansion ratio, the relationship between 

diameters of dendritic beads to the base diameter of dendrites, are also 

stratification-dependent. ON-stratifying dendrites have shorter interbead 

distances than OFF-stratifying dendrites (3.42 vs 4.86 um, respectively, Figure 

3.13 top left); whereas all ON-stratifying dendrites have very similar interbead 

distances regardless of whether they are proximal or distal dendrites (Figure 

3.13, top right and bottom). The bead expansion ratio is much larger in ON-

stratifying mRGC processes than in OFF-stratfying mRGC processes. Further 

break-down of the bead expansion ratio within the ON-sublamina shows that 

bead expansion ratio in strata 4 is less than that of strata 5 (Figure 3.23).  

In terms of dendritic morphology, we gather an overall picture where 

dendrites that stratify in the ON-sublamina, have shorter branches with more 

frequent and more prominent beads than the dendrites that stratify in the OFF-

sublamina (Figure 3.24). 

Although we measured synaptic density on all mRGCs, there are not 

enough mRGCs of each subtype to determine with any sort of certainty whether 

synaptic density is a stratification- or subtype- specific feature. While comparing 

values across volumes and between mRGCs of the same subtype, the most 

striking relationship is between the M4 in Volume_1 and the M4 in Volume_2. 

Both of these M4s had similar synapse densities (4.03 s 4.17) and similar bead 

densities (0.94 and 0.95).  The lack of convergence between similar subtypes 
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across volumes may be due to the fact that all other mRGC subtypes have finer 

processes that the M4 mRGCs. The finer the process, the higher the likelihood 

of being unable to follow it though the volume which would ultimately result in 

an underestimation of mRGC total dendritic length. Furthermore, the variation in 

resolution across volumes makes it difficult to trace all mRGCs in each volume 

with the same fidelity.  

 

3.5.2 Pre-synaptic players in mRGC circuitry  

 Our catalog of over 100 bipolar and amacrine cells that have been 

backtraced from putative synapses with miniSOG-labeled dendritic process is 

the broadest study of mRGC pre-synaptic cell types to date. Bipolar cells are 

classically identified by the presence of ribbon synapses- electron dense 

structures anchored to the presynaptic membrane to which are docked 

hundreds of synaptic vesicles (Kolb, 1979; reviewed in LoGiudice & Matthews, 

2009). However, bipolar cells are also known to have ribbon-free synapses that 

are driven by PKC activation (Midorikawa et al. 2007). Circadian studies of 

synaptic ribbons in ON-bipolar cell terminals in goldfish revealed that there were 

65% fewer ribbons in the bipolar cell terminal at night. Concurrent with that 

decrease in ribbon number, recordings of membrane capacitance showed a 

significant reduction in exocytosis due to fast depolarization (20 ms light 

stimulus) during the night but a similar exocytic response to 200-ms 

depolarization between night and day. This suggests that the synaptic ribbons 

may be involved in fast, synchronous release and that longer depolarizations 
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released non-ribbon-associated docked vesicles  (Hull et al. 2006). The fact that 

exocytic response under longer light stimulation did not change in longer light 

exposures regardless of ribbon synapse content, may explain why the majority 

of synapses between backtraced bipolar cells and segmented mRGCs did not 

contain a ribbon synapse. mRGCs are known to show sustained ON-responses 

in response to light (Hu, Hill, and Wong 2013). This slow and sustained 

response may be directly related to receiving synapses from non-ribbon 

associated docked vesicles from bipolar cells.    

Bipolar cells are the second order neurons in the retina and play an 

important role in parallel processing because light information from rod and 

cone photoreceptors immediately get split into all bipolar cell types and sent 

through the IPL to converge on the GCL. The IPL is structured such that the 

bipolar cells that stratify closest to the Inner nuclear layer have slow OFF-

responses and those that stratify closest to the GCL have slow ON-responses- 

with decreasing excitatory synaptic currents from the upper and lower bounds 

of the IPL towards the border between the ON- and OFF-sublaminae such that 

Type 5 cone bipolar cells, which stratify in strata 3 just proximal to the boundary 

of the OFF-sublamina shows a fast ON response (Baden et al. 2013). Since M4 

mRGCs are more likely to stratify in strata 4 of the IPL, closer to the ON- OFF-

sublaminae boundary, as compared to M2 and M5 mRGCs which tend to 

stratify in strata 5 of the IPL (Estevez et al. 2012), they likely receive faster ON-

bipolar cell signals than M2s and M5s. Considering their implicated role in 

pattern forming vision due to their axonal projections to the dLGN, the faster 
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bipolar excitatory synaptic signals may allow the weakly intrinsically 

photosensitive M4 mRGCs to play a role pattern forming vision (Ecker et al. 

2010).  

In our survey of presynaptic cells, we have one instance of a rod bipolar 

cell synapsing directly onto the soma of an M1 mRGC. We have many more 

instances where rod bipolar cell terminals contact ON-stratifying dendrites of all 

other mRGC subtypes. This is in line with electrophysiology data showing that 

all five mRGC subtypes generated rod-mediated light responses (Zhao et al. 

2014). This direct rod bipolar cell to ganglion cell input has been suggested in 

immunohistochemical studies (Østergaard, Hannibal, and Fahrenkrug 2007) but 

here in our volume we have the ultrastructural resolution to actually see the 

synapse (Figure 3.21). The direct RBC to M1 cell body input may provide light 

information in low light conditions to facilitate the mRGC’s role in circadian 

photoentrainment. 

 

3.5.3 Limitations  

 The vector-mediated expression of our miniSOG label fills all dendritic 

and axonal processes with a dark, electron-dense label. This dark label makes 

auto-segmentation possible and the mRGC processes easy to follow through 

the retinal volume. However, this dark label also obscures post-synaptic 

densities (PSD) and organelles within the dendritic processes. While in certain 

more lightly photooxidized sections, the contrast of the image can be adjusted 
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such that the PSD is apparent (Figure 3.25), most non-ribbon synapses from 

presynaptic bipolar cells terminals cannot be verified by visualization of the PSD 

in miniSOG-labeled dendrites. The miniSOG label also precludes the accurate 

counting of mitochondria within mRGC processes. Preliminary evidence 

showed that mRGCs have a greater volume fraction of mitochondria than other 

retinal ganglion cells (Figure 2.4, top right). Given that the mitochondria are 

located predominantly in the soma and the dendritic beads, being able to 

segment the mitochondria in our completely segmented Volume_3 block would 

have offered some valuable insight into whether there were subtype-specific 

differences in mitochondria position or volume.  

Despite the excellent miniSOG label, all volumes were imaged with a 60 

nm z-step size. This step size is largely sufficient for segmentation, however, 

because the step size is so small, miniSOG-labeled mRGC processes or 

bipolar/amacrine cell processes that are moving tangentially through the volume 

can often be lost. Similarly, very fine processes are also difficult to follow 

through the volume. As such, all measures of dendritic length for the 9 mRGCs 

in the 3 volumes might all be underestimations. The discrepancy between the 

measured dendritic length and the actual dendritic length might be even bigger 

for mRGCs in Volume_2 since the variable resolution of Volume_2 made some 

processes extremely difficult to follow.  

Although miniSOG-labeled processes may be difficult to follow, 

tremendous effort was made to follow all processes from mRGC cell bodies to 

their fullest extent within the volume and to mark all synapses on those mRGC 
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processes. Since dendritic length might be underestimated, and since this 

method does not allow for a functional assessment of whether a presynaptic 

terminal with vesicles docked near the membrane are actually synapses or not, 

it is possible that synaptic density measurements are overestimated.   

Lastly, because of how large mRGC dendritic field sizes are and how 

small our volumes are in relation to the mRGC dendritic field size, all subtype-

specific quantifications were generated by measuring only the proximal 

dendrites (<50 um from the center of the mRGC soma). Since the ON-

sublamina of the IPL is densely packed with mRGC processes from up to four 

different mRGC subtypes, it is impossible to pull subtype-specific information 

out of these miniSOG-labeled distal mRGC dendrites that course through the 

volume but are not attached to cell bodies within the volume. 

 

3.5.4 Autosegmentation 

The complete segmentation of miniSOG-labeled mRGC processes to 

calculate mRGC volume is extremely time consuming. The complete 

segmentation of all miniSOG-labeled processes in Volume_3 (totaling 

11,491.74 um in length, 5,375.19 um from the 3 mRGCs in the volume and 

6,116.55 um from all other miniSOG-labeled dendrites) required over 1500 

hours split between 4 observers working part-time explicitly on this task over the 

course of 4 months. This level of detail has been invaluable for calculating 

mRGC volume (and all other quantifications dependent on this), bead volume, 

and dendrite diameter. However, in terms of reconstructing the branching 
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pattern of the mRGCs, it is unnecessary to fully segment all miniSOG-labeled 

processes. Instead, using open-contour lines to skeletonize mRGC processes 

would only take ~100 hours, or one observer working full time on this task for 

two weeks. 

In terms of just acquiring the general outline of mRGCs in a volume, 

auto-segmentation can greatly accelerate the reconstruction of the miniSOG-

labeled mRGCs found in those volumes (Figure 3.26). For example, combining 

the contiguous auto-segmented objects pertaining to a single mRGC only takes 

about 20 hours for an experienced observer. However, the compiled auto-

segmented mRGC is unusable for volume calculations. Depending on what 

structures, like blood vessels and other miniSOG-labeled processes, lie in the 

path of the blue light used to photo-oxidize miniSOG during tissue preparation, 

the miniSOG label in mRGCs can be variable. Since all auto-segmentation 

protocols are built around thresholding pixels for darkness and then filtering 

auto-segmented contours for size (too big and the finer processes are not 

segmented, too small and there are too many false positives), the auto-

segmented objects are irregularly shaped (which affects surface area and 

volume measurements and requires time to manually correct) and very 

disjointed (requiring many additional manually traced contours to connect auto-

segmented objects). The time required to manually correct an auto-segmented 

miniSOG-labeled mRGC is currently greater than manually segmenting alone.  

 Considering the even distribution of all cell types across the mouse 

retina, future use of the miniSOG-label in mRGCs for SBEM should consider 



93 
 

 

dividing the surface area of the volume into grids and completely segmenting all 

miniSOG-labeled processes in only an evenly-spaced sampling of grids with 

open-contour skeletons throughout the entire volume to reconstruct all mRGC 

processes. Alternatively, one can imagine an improved auto-segmentation 

protocol that adds additional post-processing steps of smoothing all contours 

and/or warping auto-segmented contours into convex shapes that are bounded 

by locally-detected edges. 

 

3.5.5 The past, present, and future 

 Our efforts to reconstruct mRGCs and their presynaptic partners in 3D 

have yielded 9 segmented mRGCs, over 100 presynaptic bipolar and amacrine 

cells, and a 0.44 mm3 block of IPL that has been fully segmented for mRGC 

processes. Since we were not able to follow all marked synapses on every 

mRGC, the catalog of presynaptic partners that we have gathered for each 

mRGC subtype represents the minimum cell types that a particular mRGC 

subtype interacts with in the retina.  

Our reconstructions of presynaptic partners verifies all claims that ON-

bipolar cells make ectopic en passant synapses with OFF-stratifying mRGC 

synapses and allows us to extend that claim to M3 mRGCs. Our 

reconstructions also verify that OFF-stratifying mRGC dendrites synapse with 

dopaminergic amacrine cells (Joo et al. 2013). Also, we show that rod bipolar 

cells do, indeed, make direct connections with mRGCs in the ON-sublamina, 

like seen in Østergaard, Hannibal, and Fahrenkrug 2007, but also sometimes 
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from their axons in the OFF-sublamina.  

More important than corroborating immune-EM or immunohistochemistry 

papers from the past, our studies identify the exact bipolar cell types and 

identify some amacrine cell types for each subtype of mRGC. Thus far, our 

findings show that M1 mRGCs receive input from all bipolar cell types (except 

for type 9 cone bipolar cells), dopaminergic amacrine cells, AII amacrine cells, 

and many other narrow field amacrine cells. In total, we segmented 20 bipolar 

cells and 12 amacrine cells that were presynaptic to V1_blue, the M1 mRGC.  

Although we made an attempt to follow back each contour presynaptic to 

the M2, we were only able to reconstruct 6 bipolar cells (3 rod, 3 type 6) and 1 

amacrine cell that we believe to be an A13.  

From the bistratified M3 mRGC, we backtraced 16 bipolar cells 

representing cone bipolar types 2, 3, 5, 6, and 7, and rod bipolar cells. We also 

backtraced 10 amacrine cells, some of which show similar morphology to 

Flag/NO type, A1, and A5 amacrine cells.  

M4 mRGCs receive input from all type 6, 7, 8, and rod ON-bipolar cell 

types. In total, we reconstructed 24 bipolar cells that make synapses with 

V1_green, the M4 subtype mRGC. Because M4 dendrites never make their way 

to the OFF- sublamina, no OFF-cone bipolar cells synapse with the M4. 

Unfortunately, we were unable to trace any amacrine cells back to a cell body. 

Since the reconstructed neurons represent the minimum number of retinal cell 

types that synapse with the M4, our lack of identifying an amacrine cell that 

interacts with M4 does not necessarily mean that M4 mRGCs do not receive 
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input from amacrine cells. In fact, many fine mono-stratifying processes, unlike 

those found on bipolar cells, were found making synapses on the M4. However, 

because of the depth at which M4 processes ramify in the IPL and the fine 

caliber of these putative amacrine cell processes, the amacrine cell processes 

are lost before being able to be connected to an amacrine cell body.  

Similar to the M4, we were also unable to connect contours presynaptic 

to V3_left, the M5 mRGC, back to amacrine cell bodies. In total, we 

reconstructed 28 bipolar cells and 18 amacrine cell processes from the 

terminals presynaptic to the M5 mRGC. Among the 28 bipolar cells, 10 were 

rod bipolar cells, 8 were type 6, 6 were type 7, 4 were type 8. Here we can see 

a nice example of the stratification-dependent input from bipolar cells in that M4 

mRGCs stratify in strata 4 of the ON-sublamina and M5 mRGCs stratify in strata 

5, which is closer to the GCL. Type 8 cone bipolar cells stratify in strata 5. As 

such, the M4 is post-synaptic to fewer type 8 cone bipolar cells than the M5 

which fasciculate in the same strata as the type 8 cone bipolar.  

 Future directions for these studies may be to use different correlated light 

and electron labels that will allow for the visualization of the plasma membrane 

in so that post-synaptic densities can be visualized. Also, marking synapses, 

calculating synaptic density, and backtracing presynaptic cells from the 

miniSOG-labeled mRGC processes in the fully segmented block will allow for 

comparisons of synaptic density and presynaptic players in distal dendrites to 

the synaptic densities and presynaptic players thus reported here for the 

proximal dendrites of an mRGC.  
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Chapter 3 is currently being prepared for submission for publication of 

the material. Liu, Cindy Yu Hsin; Kim, Keunyoung; Rios, Luis; Garcia, 

Guadalupe; Ellisman, Mark; Panda, Satchidananda. I am the primary 

investigator and first author of this material. Keunyoung Kim performed the 

tissue preparation, electron microscopy, and image processing. Luis Rios 

contributed some help with the data analysis. Guadalupe Garcia was a 

tremendous help with the automatic segmentation. Mark Ellisman and 

Satchidananda Panda directed and supervised the research. 
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Figure 3.1  Retinal volumes used in this study 
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Figure 3.2  Volume_1 

Top: En face view of retinal surface area showing segmented mRGCs from 
Volume_1. Bottom: Cross-sectional view showing dendrites stratifying in IPL. 

10 um 

10 um 
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Figure 3.3  Volume_2  

Top: En face view of retinal surface area showing segmented mRGCs from 
Volume_2. Bottom: Cross-sectional view showing dendrites stratifying in inner 
plexiform layer.  

10 um 

10 um 
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Figure 3.4  Volume_3 

Top: En face view of retinal surface area showing segmented mRGCs from 
Volume_3. Bottom: Cross-sectional view showing dendrites stratifying in inner 
plexiform layer.  

10 um 

10 um 
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Figure 3.5  Quantification of mRGC morphology  

From mRGCs segmented from the three retinal volumes.  

 

 

V1_ 
green 

V1_ 
blue 

V1_ 
orange 

V2_ 
dBlue 

V2_ 
lavender 

V2_ 
lBlue 

V3_ 
left 

V3_ 
mid 

V3_ 
right 

subtype M4 M1 M5 M2 M4 M3 M5 M3 M2 

diameter  23.79 13.97 13.81 16.80 17.27 11.55 10.83 14.81 14.25 

synapses 525 218 383 178 118 402 155 924 225 

synapses/ 
10 um 4.03 3.66 4.12 3.33 4.17 2.65 2.20 3.00 1.41 

beads 122 76 131 68 27 181 152 918 416 

beads/ 10 
um 0.94 1.28 1.41 1.27 0.95 1.19 2.16 2.99 2.61 

synapses: 
beads 4.30 2.87 2.92 2.62 4.37 2.22 1.02 1.01 0.54 

number of 
branches 18 11 41 11 8 70 37 236 91 

branches/ 
100 um 1.38 1.85 4.41 2.06 2.83 4.62 5.26 7.67 5.70 
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V1_green (M4)            V1_blue (M1)           V1_orange (M5) 
 

      
V2_lBlue (M3)                   V2_lavender (M4)              V2_dBlue (M2) 
              

   
V3_left (M5)            V3_middle (M3)           V3_right (M2) 
 
Figure 3.6  mRGCs segmented from the three retinal volumes  

Top: mRGCs segmented from Volume_1. Middle: mRGCs segmented from 
Volume_2. Bottom: mRGCs segmented from Volume_3. Scale bar is 10 um.     
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Figure 3.7 Fully segmented miniSOG-labeled mRGC processes 

En face view of fully segmented miniSOG-labeled mRGC processes from 92 x 
92 x 51 um thick block of retinal tissue. Each color represents a separate 
mRGC process. 
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Figure 3.8  Retinal surface area covered by mRGCs  

Completely segmented Volume_3 with all objects set to white color; total pixels 
= 3,800,340, white pixels = 2,147,464. % surface area covered by mRGCs= 
56.5% 
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Figure 3.9 Cross-sectional view of fully segmented mRGC processes 

Cross-sectional view. Block dimension is 92 x 92 x 51 um. There are no 
miniSOG-labeled mRGC processes in the inner nuclear layer (INL). All 
miniSOG-labeled dendritic processes stratify in the inner plexiform layer (IPL) 
with 84% of processes stratifying in strats 4 and 5 of the ON-sublamina (ON) 
and only 6.6% of all processes stratifying in the OFF-sublamina (OFF). The cell 
bodies of the three mRGCs in this volume are located in the ganglion cell layer 
(GCL).   
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Figure 3.10  mRGC processes that span IPL  

Green: M3 mRGC. Orange: M1 dendritic process. Magenta: ectopic axonal 
projection. 
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Figure 3.11 Internal branch length, ON- vs. OFF-sublamina 

Top: Internal branch lengths of all mRGC processes in ON- vs. OFF-sublamina. 
Bottom: Internal branch lengths of mRGC V3_middle in ON- vs OFF- 
sublamina. 
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Figure 3.12  Internal branch length, ON-sublamina  

Top: Internal branch lengths of distal (all processes not connected to a cell body 
in Volume_3) vs proximal processes (those connected to a cell body in 
Volume_3) in ON-sublamina. Bottom: Internal branch lengths of mRGC 
V3_middle processes vs all other mRGC processes in ON-sublamina. 
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Figure 3.13  Interbead distance  

Average distances between beads. Top, left:  Interbead distances of all mRGC 
processes in ON- vs OFF-subalmina. Top, right: Interbead distances of all distal 
(all processes not connected to a cell body in Volume_3) vs proximal processes 
(those connected to a cell body in Volume_3) in ON-sublamina. Bottom: 
Interbead distances of mRGC processes in ON-sublamina comparing mRGC 
subtypes to all processes in ON-sublamina 
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Figure 3.14  Bead-expansion ratio, ON- vs. OFF-sublamina  

Bead-expansion ratio (ratio of bead diameter to base dendrite diameter) of 
mRGC processes in ON- vs. OFF-sublamina. 
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Figure 3.15  All synapses marked on an mRGC 

All synapses marked on mRGC V3_right from Volume_3. Purple is the skeleton 
of V3_right. All green contours are identified synapses that could not be 
followed back to a cell body. All orange contours are synapses that could be 
followed back to a cell body. 
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Figure 3.16  Cap synapses from V1_green 

3D reconstructions of cap synapses (purple spheres) protruding from the 
dendrites of an V1_green, and M4 subtype mRGC in Volume_1. Scale bar in 
top left is 10 um. Scale bar in bottom right is 500 nm.  
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Figure 3.17 Synapses between bipolar cells and mRGC dendrites 

Top, left: OFF-stratifying mRGC dendritic process (blue circle) is directly 
opposed to vesicles docked at the membrane of type 2 cone bipolar cell 
terminal (teal circle). Top, right: ON-stratifying mRGC dendritic process (blue 
circle) is directly opposed to vesicles docked at membrane of type 6 cone 
bipolar cell terminal (yellow circle). Bottom: mRGC interaction (blue circle) with 
bipolar cell axon (pink circle). Scale bar is 1 um.  
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RBC   CB6   RBC CB6  CB6 CB7 CB7  RBC  RBC  CB7           CB8        RBC 

 

 

 

     CB2      CB3   CB2       RBC        CB7             CB7 

Figure 3.18  Bipolar cells presynaptic to mRGCs  

Examples of fully segmented and skeletonized bipolar cells that are presynaptic 
to mRGCs. Scale bar is 5 um. 
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Figure 3.19  Amacrine cells presynaptic to mRGCs  

Examples of fully segmented and skeletonized amacrine cells that are 
presynaptic to mRGCs. Scale bar is 5 um. 
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 M1 M2 M3 M4 M5 

Stratification OFF ON OFF/ ON ON ON 

Bipolar cells Total (20): 
Type 2 (2) 
Type 3 (2) 
Type 4 (2) 
Type 5 (1) 
Type 6 (5) 
Type 7 (1) 
Type 8 (1) 
Rod (6) 

Total (6): 
Type 6 (3) 
Rod (3) 

Total (16): 
Type 2 (3) 
Type 3 (1) 
Type 5 (2) 
Type 6 (2) 
Type 7 (6) 
Rod (1) 

Total (24): 
Type 6 (15) 
Type 7 (2) 
Type 8 (1) 
Rod (6) 

Total (28): 
Type 6 (8) 
Type 7 (6) 
Type 8 (4) 
Rod (10) 

Amacrine 
cells 

Total (12): 
Dopamine 
Flag/NO 
AII 

Total (1): 
A13 

Total (10): 
Flag/NO 
A1 
A5 

Could not 
follow to 
cell body 

Could not 
follow to 
cell body 

 

Figure 3.20 Cell types presynaptic to mRGCs  

Cell types presynaptic to mRGCs segmented from Volume_1 and Volume_3. 
Because not every identified synapse could be backtraced to a cell body, the 
cell types and counts listed here are an underestimation of all possible types 
and counts. While no amacrine cells were able to be traced back to cell bodies 
for the M4 and M5, there are many amacrine cell processes that were observed 
for both M4 and M5.  
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Figure 3.21  Rod bipolar cell to V1_blue (M1 subtype) 

3D reconstruction of rod bipolar cell terminal (darker blue) in direct contact with 
cell body of V1_blue, an M1 subtype mRGC. Scale bar is 5 um. 
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Figure 3.22 Ectopic ON-bipolar cell synapse in OFF-sublamina 

Left: ON-bipolar cell (yellow) axon swells near contact point (red arrow) with 
OFF-stratifying M1 mRGC dendrite (light blue). Right: electron microscopy 
image showing contact between ON-bipolar cell axon (yellow circle) and mRGC 
dendrite (light blue circle). Note the vesicles in the bipolar cell axon docked at 
the membrane. Scale bar is 5 um. 
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Figure 3.23  Bead-expansion ratio, strata 4 vs. strata 5 

Bead-expansion ratio (ratio of bead diameter to base dendrite diameter) of 
mRGC processes in strata 4 and strata 5 of the ON-sublamina. 
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Figure 3.24 ON- and OFF-stratifying mRGC dendrites 

3D reconstructions of ON-stratifying (left) and OFF-stratifying (right) mRGC 
dendrites in the IPL. 

ON-stratifying OFF-stratifying 

10 um 
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Figure 3.25  Post-synaptic density in miniSOG-labeled mRGC  

Presynaptic terminals (green circle) in contact with miniSOG-labeled mRGC 
dendrites (purple circle). Yellow arrows point to post-synaptic densities. Scale 
bar is 500 nm. 
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Figure 3.26  Autosegmentation results 

Top: En face (left) and cross-sectional (right) model view of Volume_2 after 
thresholding for darkness. Bottom: En face (left) and cross-sectional (right) 
model view of Volume_2 after excluding objects by size and manual correction. 
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Chapter 4 

Conclusion 

 

"Like the entomologist in search of colorful butterflies, my attention 

has chased in the gardens of the grey matter cells with delicate and 

elegant shapes, the mysterious butterflies of the soul, whose 

beating of wings may one day reveal to us the secrets of the mind."

   

  - Recollections of My Life, Santiago Ramón y Cajal  

 

 

A unifying principle in neuroscience is the existence of parallel pathways 

that convey feature information from peripheral sensory organs to dedicated 

targets in the brain. One of the central themes in neuroscience is understanding 

how these sensory inputs integrate in the brain to effect changes in physiology 

and behavior. At the very root of this endeavor, and at the heart of this 

dissertation, is dissecting the circuits involved- identifying the inputs and outputs 

of a specific cell type.  

The mouse retina is made up of over 60 types of cells which include 

include 2 different photoreceptors, 2 different horizontal cells, 12 different bipolar 

cells, over 30 different amacrine cells, and over 22 different retinal ganglion cells 

(Helmstaedter et al. 2013; Kolb et al. 2001; Masland 2011; Jeon, Strettoi, and 

Masland 1998). The component pieces that make up circuitry for getting rod and 
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cone signals to the visual cortex and superior colliculus is largely well understood. 

However, the players involved in conveying light information to inform non-image 

forming visual processes is largely unknown. What we do know, is that one of the 

most recently discovered retinal cells, the melanopsin-expressing retinal ganglion 

cells (mRGC), lies at the center of this pathway.  

mRGCs are intrinsically photosensitive retinal ganglion cells which 

combine their melanopsin-based signaling with rod and cone signals to inform 

regions of the brain, like the suprachiasmatic nucleus (SCN) and the olivary 

pretectal nucleus (OPN) which are dedicated to non-image forming (NIF) visual 

processes such as circadian photoentrainment and pupillary light reflex (PLR), 

respectively (Berson, Dunn, and Takao 2002; Hattar et al. 2002). In addition to 

the SCN and OPN, mRGCs have been shown to also send axons to the 

intergeniculate leaflet (IGL), the ventral lateral geniculate nucleus (vLGN), and 

most recently, the dorsal LGN (dLGN, classically thought of as an image-forming 

brain region). 

How does one genetically-defined cell type facilitates such diverse 

functions that occur on such different time scales (hours to days to for 

photoentrainment, milliseconds to seconds for PLR) and are mediated by such 

anatomically distinct regions?  Do the five subtypes of mRGCs serve specific 

functions? Since structure and function are intimately related, if mRGC subtypes 

served specific functions, they should have unique structures that served those 

functions. In this case, structure means where they are located in the retina, 

where their dendrites stratify and make connections in the retina, and where their 
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axons project to and make connections in the brain.  

To answer these questions, we injected AAV into the eyes of a transgenic 

melanopsin-cre mouse (Opn4Cre) to target the expression of membrane-tethered 

miniSOG (miniSOG-farnesyl, miniSOG), a correlated light and electron 

microscopy label, specifically to mRGCs. The AAV allows for a large amount of 

miniSOG to be made within the mRGCs, and the farnesylation signal targets the 

miniSOG-expression to the plasma membrane. Upon photooxidation of the 

miniSOG under blue light in the presence of diaminobenzidine (DAB), the singlet 

oxygens miniSOG polymerizes the DAB. The polymerized DAB is then stained 

for serial blockface scanning electron microscopy (SBEM). In our SBEM volumes 

of suprachiasmatic nucleus (SCN), olivary pretectal nucleus (OPN), 

intergeniculate leaflet (IGL), ventral lateral geniculate nucleus (vLGN), dorsal 

lateral geniculate nucleus (dLGN), and optic nerve (ON), the miniSOG appears 

as a dense, black label that fills mRGC axons and dendrites, and is concentrated 

at the plasma membrane of the mRGC somata. 

From the studies described in Chapter 2, we see that mRGCs as a group, 

send axons to image-forming and non-image-forming regions of the brain and 

that the way in which the mRGCs (again, as a group) interact with those brain 

regions is different. In the SCN, mRGC boutons are small, most contain only one 

mitochondria, make en passant synapses with the SCN neurons, and are found 

on thin unmyelinated axons. In the OPN, mRGC boutons are 81% larger than in 

the SCN and, 66% have more than one mitochondria, and 58% have deep 

invaginations that engulf dendritic spines and glial processes. Also, OPN axons 
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are myelinated, are 50% wider, had more boutons per unit length of axon, twice 

as many branch points, and longer distances of axon between branch points than 

in the SCN. In the IGL, boutons were similar in volume and mitochondria content 

as compared to the OPN, but had less spine intrusions than OPN. mRGC boutons 

in the vLGN were 50% larger than in the OPN, and those in the dLGN showed 

much greater variation in volume, but were on the whole nearly three times larger 

than in the OPN. Overall, we see that in the 5 mRGC-recipient brain regions, 

there are significant differences in bouton morphology and ultrastructure.   

The miniSOG also let us visualize and reconstruct the mRGCs in the 

retina. From our complete segmentation of all miniSOG-labeled processes, we 

see that mRGC processes occupy 0.4% of the volume of the IPL with 82% of all 

miniSOG-labeled processes stratifying in strata 4 and 5 and that mRGC 

processes cover 56.6% of the surface area of the retina. From three miniSOG-

labeled retina volumes, we segmented a total of 9 mRGCs and from segmenting 

those 9 mRGCs found variation in synaptic density, branching frequency, 

dendritic beading pattern, and soma size. While soma size is often used to 

identify cell types, it is often highly variable and is thus a weak classifier (Sun, Li, 

and He 2002; Coombs et al. 2006; Volgyi, Chheda, and Bloomfield 2009). In fact, 

Hu, Hill, and Wong 2013 report that they found that the mRGC cell bodies 

changed shape and size during recording so soma size was an unreliable feature 

to use to classify mRGC subtypes. However, by comparing the segmented 

objects from all other miniSOG-labeled processes in volume_3, we find that 

branching frequency, interbead distance, and bead-expansion ratio are all 
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correlated with the strata of the IPL that those processes stratify in. This is even 

more convincing when looking at those same features in V3_middle, the 

bistratified M3 subtype mRGC that was segmented in Volume_3. In V3_middle, 

internal branch length (a measure of branching frequency), and interbead 

distance are all smaller for the dendrites that stratify in the ON sublamina and 

bead expansion ratio was greater in the ON sublamina compared to the OFF 

sublamina; all within one single cell. If these features were more subtype-specific, 

we would have expected to see that the features would not change regardless of 

the strata of ramification.  

Lastly, using the miniSOG label with SBEM allowed us to collect large 

volumes of tissue with ultrastructural resolution. We are able to identify putative 

synapses between mRGCs and other cells in the IPL by the presence of docked 

synaptic vesicles, continuous stretches of shared membrane, and in some cases, 

the presence of a post-synaptic density. By using similar segmentation protocols 

from on identified putative synapses, we reconstructed over 100 bipolar and 

amacrine cells that synapse onto the five subtypes of mRGCs. Because we were 

unable to follow all marked synapses to a bipolar cell or amacrine cell body, our 

reconstructions of presynaptic partners cannot be used to determine the 

percentage of any one cell types influence on any one mRGC subtype. They can, 

however, be used as a catalog to show, at the minimum, what cells are involved 

in the circuitry of a particular mRGC. Because of similar axonal/dendritic 

diameters and branching patterns (which determines how difficult it is to follow a 

particular cell type), we can compare the frequency with which a cell type is 
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reconstructed between mRGC subtypes. Amacrine cells to the ON-sublamina 

were few and far between because of how thin the amacrine cell processes were 

and how far we would have to follow those thin processes back to a cell body. 

However, for bipolar cells, the presynaptic bipolar cell inputs are dependent on 

mRGC dendritic stratification within the IPL.  

For example, even though M4 and M5 both stratify in the ON-sublamina, 

M4 mRGC dendrites ramify closer to the inner edge of strata 4 and M5 dendrites 

ramify closer to the inner edge of strata 5. As such, in comparing the bipolar cell 

inputs to these cell types, type 8 bipolar cells, which stratify in strata 5, are more 

commonly found in association with the M4 mRGC. Also, M1s and M3s receive 

ectopic inputs from axons of ON-bipolar cells in the OFF-sublamina, these 

ectopic inputs do not occur on ON-stratifying dendrites in the ON-sublamina. 

Thus, we are not seeing a bipolar cell type with a penchant for axonal synapses, 

but rather a stratification-dependent feature as both M1 and M3s are affected. 

Taken all together, the increased detail regarding the input and outputs of 

the mRGCs adds weight to the idea that different subtypes of mRGCs may serve 

different functions.  

Because stratification within the IPL determines so many aspects of 

dendritic morphology, the mRGC subtypes, which stratify differentially within the 

IPL will noticeably have different dendritic morphologies. M2s, M4s, and M5s 

which stratify in the ON-sublamina of the IPL would have more prominent and 

frequent beads and shorter and more frequent branches. Since the beaded 

varicosities on the mRGC dendrites are known to contain mitochondria, the M2s 
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and M5s would thus have more frequent mitochondria along their dendritic 

lengths. The increased mitochondria could be a result of the type/signaling rate 

of inputs these mRGCs receive based on the types of bipolar and amacrine cells 

that terminate in the IPL layers where the M2 and M5 dendrites stratify. 

Considering that M2, M4, and M5 mRGCs are much less intrinsically 

photosensitive than the M1 mRGCs (Schmidt and Kofuji 2009; Zhao et al. 2014), 

their function in the retina may not be as dependent on the intrinsic 

photosensitivity of melanopsin and, instead more dependent on chemical 

information from bipolar and amacrine cells. M2, M4, and M5 mRGCs have been 

shown to have increased spontaneous spike rates, as compared to M1 and M3 

subtypes (Zhao et al. 2014). The increased mitochondria that we see here may 

facilitate that response. The increased bead expansion ratio may also affect the 

physiology of the cell by increasing the surface area with which an ON-stratifying 

mRGC uses to contact bipolar and amacrine cells. The increased surface area 

may help make up for the decreased expression of melanopsin as compared to 

the M1 mRGC subtype. 

The M1 mRGCs monostratify in the OFF-sublamina of the IPL and would 

supposedly only receive input from OFF-bipolar cells. However, we show that 

they in fact receive a significant amount of ON-bipolar cell input in addition to 

OFF-bipolar cells and amacrine cells. Given that the M1 has a net ON-response, 

and the fact that the OFF-stratifying mRGC processes are less beaded and less 

branched, it is possible that the M1 mRGC ON-response is dependent more on 

its own melanopsin-based intrinsic photosensitivity as opposed to a bipolar or 
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amacrine cell driven response. Taken into consideration with the non-M1s lesser 

intrinsic photosensitivity, but increased branching and beading by virtue of its 

stratification within the IPL, the increased branching and beading features seen 

in the ON-sublamina may be a manifestation of a decreased dependency on 

melanopsin-based input and an increased dependency on rod and cone driven 

inputs.  

If we factor this significant rod and cone based input into the function of 

mRGCs, our findings suggest that non-M1s have significant rod and cone input 

and thus may play a far larger role in image-forming vision that once previously 

thought. In our segmentation of miniSOG-labeled mRGC processes in different 

retinal-recipient brain regions, we find significantly larger miniSOG-labeled 

mRGC terminals in the dorsal lateral geniculate nucleus (dLGN) and ventral 

lateral geniculate nucleus (vLGN)- regions of the brain classically thought to be 

involved in image-forming vision. Retrograde labeling studies to the dLGN 

showed that half of M2, M3, and M5 mRGC subtypes were labeled but that nearly 

all M4 subtypes were labeled (Estevez et al. 2012). If soma size is correlated with 

axon caliber (Williams and Chalupa 1983) and if axon caliber is proportional to 

bouton volume, then perhaps the variation seen in dLGN is related to the variety 

of mRGC subtypes that project to the dLGN. If this is the case, the much smaller 

variation in bouton size seen in the suprachiasmatic nucleus (SCN) would be due 

to a narrower subset of mRGC inputs. Because there are no techniques to 

preferentially label M3, M4, or M5 subtypes, it is unknown what roles these 

subtypes might play in the SCN. 
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Lastly, Zhao et al. 2014 showed that M2-M5 mRGC subtypes have center-

surround receptive fiends. Combined with the fact that M2-M5 dendritic 

processes will stratify in the ON-sublamina where they are more highly branched, 

heavily beaded, and subsequently, mitochondria-laden and the fact that M2-M5 

can be retrogradely labeled from the dLGN, the highly rod/cone dependent input 

to mRGCs in the ON-sublamina may be driving image-forming vision in the 

dLGN. The excluded M1, with its high intrinsic photosensitivity, long, thin, less-

branched, less-beaded dendrites may then stand out as the true irradiance 

detector that signals to the circadian pacemaker.  

  Overall, these studies have filled in many colors of this paint-by-number 

piece describing the connectivity of mRGCs. The results of these studies reveal 

striking ultrastructural differences between mRGC subtypes, mRGC processes 

that stratify in different sublamina, and mRGC-recipient brain regions which 

highlight the fact that mRGCs are a heterogeneous group of cells that mediate a 

variety of functions. Our findings validate many other mRGC circuitry studies and 

provides many new details regarding different cell types that might be involved in 

mRGC-subtype-specific circuitry.  
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